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Abstract 
   Nanopore biosensors are a relatively new tool for single-molecule detection, whose inception 
was inspired by molecular transport through transmembrane pores in nature and the operating 
principle of the Coulter Counter, so-called resistive pulse sensing. In recent years, nanopores 
have been integrated with alternative detection modes, such as fluorescence spectroscopy, with 
the goal of increasing structural resolution and analytical throughput. The integration of 
fluorescence spectroscopy is particularly useful as fluorescent labels can be used to identify 
different regions of a molecule; discriminate molecules in heterogeneous solutions and probe 
molecular properties such as distance. 
   This thesis describes the development and application of a unique low-noise nanopore 
platform, composed of a predominately pyrex substrate and silicon nitride membrane, for 
synchronized optical and electrical detection of biomolecules. The use of a pyrex substrate was 
pursued as commonly used Si substrate based nanopore sensors exhibit high ionic current noise 
with and without laser illumination. This limits their applicability to high-laser-power, high-
bandwidth electronic measurements, which in-turn restricts the range of molecules that can be 
studied and the structural resolution provided by resistive pulse sensing. Proof-of-principle 
experiments are presented that show a pyrex substrate greatly reduces ionic current noise 
arising from both platform capacitance and laser illumination. Furthermore, using a confocal 
microscope and a pyrex based platform with a partially metallic nanopore, thereby acting as a 
zero mode waveguide, we demonstrate synchronized optical and electrical of dsDNA.  
   The high translocation velocity of biomedically relevant molecules such as proteins and nucleic  
acids means there is a continual drive for low-noise high-bandwidth measurements within the 
nanopore community. The use of these low-noise platforms for synchronized measurements 
increases the sensitivity of resistive pulse sensing and therefore the range of molecules that can 
be studied and potential applications of the sensor.    
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1.1 Single-Molecule Detection 
   Due to technological advances there has been a tremendous growth in single-molecule 
research in the past two decades. Single-molecule methods have proved particularly popular 
within the biophysics community as they circumvent the ensemble averaging of classical 
methods such as gel electrophoresis, nuclear magnetic resonance and X-ray crystallography.1 
The avoidance of ensemble averaging has a number of distinct advantages. Firstly, the ability to 
probe molecular properties on a single-molecule level allows the measurement of property 
distributions and consequently the identification of distinct and rare states (or species) hidden by 
ensemble averaging. Secondly, studying a single-????????????????????????????? ?????????????????
discrimination of dynamic and static heterogeneity along with the determination of the kinetic rate 
constants of the former (associated with the inter-conversion between different states). Finally, 
single-molecule methods typically require lower analyte concentrations and smaller sample 
volumes, which can enable the study of biomolecules susceptible to aggregation at higher 
concentrations and reduced cost.2?4 As a result of these benefits, it has become common for 
techniques such as atomic force microscopy and scanning tunnelling microscopy to be used to 
study surface bound molecules, whilst optical methods based on fluorescence are frequently 
used to probe single-molecules in solution.  
   This thesis describes the synchronization of two single-molecule techniques, confocal 
fluorescence microscopy and solid-state nanopore sensing using a novel low-noise platform. The 
following sections will provide an introduction into the principle of detection for both methods and 
the motivations behind this work.   
1.2 Single-Molecule Sensing with Nanopores 
   Nanopore biosensors are a relatively new tool for single-molecule detection whose inception 
was inspired by molecular transport through transmembrane pores in nature and the operating 
principle of the Coulter Counter. The Coulter Counter utilises resistive pulse sensing to count and 
size sub-micrometre particles suspended in a conductive solution and is commonly used for cell 
counting in haematology.1 The detection method, so-called resistive pulse sensing, is remarkably 
simple. Briefly, an aperture within an electrically insulating membrane connects two electrolyte 
chambers, each containing an electrode. Upon application of a transmembrane bias, a steady-
state ionic current is established via the aperture. Pressure or electrokinetic driven flow of a 
particle through the aperture results in a transient reduction of conductance and the measured 
ionic current. The frequency and amplitude of these resistive pulses provides information on the 
particle concentration and volume.1,5 Resistive pulse sensing is the most common mode of 
detection when using nanopore sensors. More detail will be provided on this technique in section 
1.2.3.  
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   Bezrukov et al were the first to demonstrate single-molecule detection via resistive pulse 
sensing with a nanopore. This ground-breaking study showed the detection of polyethylene 
glycol (PEG) polymers using a protein nanopore called alamethicin embedded in a lipid bilayer.6 
Shortly after, Kasianowicz et al demonstrated detection of polynucleotides using a protein 
nanopore, ?????????????????????????-HL).7 Significantly, this work showed that the resistive pulse 
duration was proportional to a molecule?s length. Thus, Kasianowicz and co-workers postulated 
that, if resistive pulse characteristics are related to a molecule?s size and chemical properties, it 
may be possible sequence polynucleotides due to differences in nucleotide structure.7 Akeson et 
al subsequently demonstrated that RNA polymers constituting 30 adenosine nucelotides and 70 
cytosine nucleotides produced bi-level resistive pulses due to distinct differences in the polymers? 
secondary structure associated with the two nucleotides.8 These pioneering studies have 
inspired nearly two decades of research into the use of nanopores as single-molecule sensors 
and nanopores remain a promising candidate for a next generation sequencing platform. Two 
parallel fields have developed around the use of biological and solid-state nanopores and a wide 
range of analytes studied, most frequently proteins and single- and double-stranded DNA.9?12 
1.2.1 Biological Nanopores 
   First used by Kasianowicz and co-???????????????????????????????????????????????????????????-
?????????? ??-HL), pictured in Figure 1.1.7 This heptameric transmembrane pore spontaneously 
self-??????????????????????????????????????-HL monomers (32 kDa) secreted by Staphylococcus 
bacteria.13,14 The resulting pore consists of a ???????????????-barrel, approximately 2.6 nm in 
diameter and 5 nm long, joined to a ~5 nm long vestibule. The pore is narrowest at the junction 
between these two sections with a diameter of ?1.4 nm.13?15  
  
Figure 1.1 Structure of the most f?????????????????????????????????-????????????-HL). The cross-sectional view 
???????????-barrel (blue), inner constriction (red) and the inner cavity of the vestibule (green). Scale bar: 2 nm. 
Figure reprinted from reference 16. 
   ?-HL has a number of attractive qualities. These include low noise,17 a small internal diameter 
and structural stability over a wide pH range (pH 2 -1218) and at high temperatures (up to 
95°C19). Furthermore, as the crystal structure is available, site specific mutagenesis provides the 
ability to alter the pore properties (e.g. charge20) and incorporate binding sites.16 Examples of the 
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latter include Braha et al generating a patch of histidine residues for discrimination of different 
divalent metal ions and Movileanu and co-workers using a ligand terminated PEG chain, 
attached to an engineered cysteine residue, to capture antibodies outside the pore.21,22 
Altogether, these factors have made ?-HL a popular choice for sensing applications. A wide 
range of molecules have been studied, including ions,21 proteins,22 ssDNA23 and RNA8. 
   ?-HL is not the only protein nanopore that has been used for single-molecule detection. 
????????????? ???????? ???? ???? ?-barrel proteins;24 octameric MspA from Mycobacterium 
smegmatis and the dodecameric phi29 DNA packaging motor.18 As these channels have 
?????????? ?? ???????? ??? ?-HL, they may be appropriate for different applications. For instance, 
Figure 1.2 shows the cross-????????????????????????-HL and MspA.15  MspA has been cited as a 
????? ???????????? ????? ???? ??????????? ??????????? ????? ?-HL as it exhibits greater structural 
??????????? ???? ??? ?? ??????? ????? ??? ?????? ????? ??? ????????? ???????? ?????? ?????????????15,25,26 
Another example is the phi29 DNA packaging motor, which has been used to detect dsDNA 
?????????????????????????s between 3.6 nm and 6 nm wide 10  
  
Figure 1.2 Cross-sectional structure of (A) ?-?????????? ??-HL) and (B) octameric MspA protein nanopores. 
Figure adapted from reference 15. 
   There are a number of benefits shared by all protein pores. These include high structural 
reproducibility; low cost batch production and ???? ???????? ??? ?????????????? ??? ?????? ?? ???????
properties at specific sites via mutagenesis.18 However, there are common limitations too. For 
instance, their fixed size imposes constraints on the analytes which can be studied and their 
location within a supporting lipid bilayer is difficult to control and may change due to lateral 
diffusion.16 In addition to this, diffusion of lipid molecules into bulk solution can weaken the host 
bilayer over time causing undulations of the membrane to result in rupture.16  Although the use of 
solid-state and polymer supports has partially addressed issues with the supporting membrane, 
alternative methods of fabricating nanopores have been developed.  
   One increasing popular choice is self-assembly of DNA origami based-nanopores. The DNA 
origami method involves the ?????????????? ??? ?????? ????????? ssDNA strands to specific positions 
???????????????????ssDNA strand (typically the genome of the m13mp18 virus), thereby folding it 
into a desired shape.27 The resulting 3-dimensional structure can then be inserted into a solid-
state nanopore or lipid bilayer (if functionalised with hydrophobic chemical groups).28?30 Figure 
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1.3 shows a schematic of the DNA origami based-nanopore reported by Bell et al.29 The 
advantage of DNA origami based-nanopores is the precise control over pore shape and 
dimensions. ????????????? ?????????????? ??? ???? ?????????? ????????? strands can enable the 
incorporation of binding sites at specific sites within the pore.31,32 However, there remain a 
number of challenges which need to be addressed. For instance, ionic current noise can be high 
in amplitude and varies considerably from pore-to-pore. This may be due to differences in pore 
conformation upon insertion into the support membrane.27,29,30 Ionic current flow through the 
DNA structure and its seal with the support also reduces signal-to-noise ratios for resistive pulse 
sensing. The latter is particularly problematic for solid-state nanopore hybrids.27,29,30  Although 
the seal is improved with a lipid bilayer support, ?????????????????????????????????????currently 
restricts the insertion of pores with diameters greater than ~2 nm and therefore the range of 
analytes that can be studied.27,32 Nevertheless, modifications in pore structure or membrane 
support may address these issues and DNA origami based-nanopores are likely to grow in 
popularity due to the versatility of the technique. 
  
Figure 1.3 (A) A schematic of the DNA origami based-nanopore used by Bell et al in reference 29, a dsDNA 
overhang facilitated insertion into solid-state nanopores. dsDNA strands are represented as rods. (B) Side view 
of the nanopore. The total length of the nanopore is ~51.0 nm. The narrowest region is ~16.3 nm long with an 
opening of ~7.5 nm x 7.5 nm2. (C) Top view of the nanopore. Figure adapted from reference 29.  
   In addition to DNA origami based-nanopores, a parallel field has developed around the use of 
solid-state nanopores. These will be introduced in the following section.  
1.2.2 Solid-State Nanopores 
   Solid-state nanopores offer stability, tuneable dimensions (i.e. length, diameter and shape) and 
are simpler to integrate with additional optical and electronic detection modalities for added 
functionality. A device typically consists of a support platform and a polymeric or inorganic free-
standing membrane containing a nanopore. Commonly used polymers include polyethylene 
terephthalate (PET), polyimide and polycarbonate.14 A variety of inorganic membrane materials 
have been reported such as silicon nitride 33, silicon dioxide34, boron nitride 35,36, graphene 37 and 
aluminium oxide38,39. In addition to these chip based platforms, glass nanopipettes have become 
popular in recent years due to fast fabrication and low noise.40  
   Low stress, non-stoichiometric, silicon nitride is the most commonly used membrane material 
due to its favourable properties. These include high resistivity (1016 ?? ??-1 41), high dielectric 
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strength (10 MV/cm 41), thermal stability, mechanical strength and chemical inertness over a 
range of pH, temperature and electrolyte conditions.42?44 Figure 1.4 shows a typical silicon 
substrate based silicon nitride (Si-SiNx) platform. Silicon is the most popular support material due 
to the applicability of well-established semiconductor processing techniques enabling wafer scale 
production of devices (between 200 and 500 devices per 10 cm wafer). The main steps of 
fabricating such a platform will be covered in detail in chapter 3.  
   
Figure 1.4 Schematic of a Si substrate based silicon nitride nanopore platform. 
   Nanopores are usually formed in polymeric membranes via ion track etching. This entails 
irradiation of the polymer membrane with GeV ions (Xe, Au, Pb or Au) followed by wet chemical 
etching.14 The standard method of producing a nanopore in a SiNx membrane involves using a 
high energy focused ion or electron beam to sputter material. Li et al first demonstrated nanopore 
fabrication using focused ion beam (FIB) milling in 2001.45  Figure 1.5A shows a schematic of the 
method used by Li and co-workers. A centrally located bowl-shaped cavity was etched into the 
backside of SiNx membranes using reactive ion etching. A focused Ar+ ion beam was then used 
to sputter membrane material until a nanopore was formed. Importantly, Li and co-workers 
showed that a lower intensity Ar+ ion beam can subsequently be used to reduce pore diameter by 
inducing lateral movement of material into the pore.   This enabled fabrication of pores with 
diameters down to 1.8 nm. Control over pore diameter was provided by monitoring the flux of 
ions through the pore using an ion detector beneath the platform.  
   Nanopore fabrication using a FIB has proved popular within the nanopore community. Pores 
having been milled into a variety of materials (e.g. SiC, SiO2, Cr, Al16) using a variety of noble 
gas ions (e.g. Ne+, Kr+, Ga+, Ar+, Xe+ and Kr+ ions).46 Ga+ ions are commonly used but have 
disadvantages. Firstly, Ga+ ion implantation can alter pore surface charge.14 Most importantly, 
fabrication of sub-20nm diameter pores is difficult without ultrathin membranes due to the 
scattering effects of incoming ions and redeposition of sputtered material.47?49 He+ ion beams are 
a promising alternative as the low mass of He+ ions reduces scattering effects, increasing 
resolution.50,51 However, sub-10 nm diameter nanopores are most commonly fabricated using a 
transmission electron microscope (TEM). 
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Figure 1.5 (A) Schematic of the focused ion beam sculpting technique used to fabricate nanopores by Li and co-
workers. Figure adapted from reference 45. A silicon nitride (SiNx) membrane with a bowl shaped cavity is 
irradiated with an Ar+ ion beam, which removes material via sputtering. A diffuse Ar+ ion beam can subsequently 
be used to reduce pore diameter by inducing lateral movement of material into the pore. The transmission 
electron microscope (TEM) image shows a ~1.8 nm diameter pore fabricated using this method. (B) 
Transmission electron microscope (TEM) images of a nanopore within a ~10 nm thick SiO2 membrane before 
and after irradiation with a 104-107 A m-2 electron beam.  The diameter decreases from ~6 nm to ~ 2 nm.  The 
pore was milled using an electron beam intensity greater than 108 A m-2. Figure adapted from reference 52.  
   Storm et al demonstrated the advantages of using a TEM in 2003. In seminal work, Storm and 
co-workers fabricated sub-10 nm diameter nanopores in 10 nm thick SiO2 membranes using a 
high intensity (>107 A m-2) electron beam.52 Significantly, they showed that subsequent wide field 
illumination of a nanopore with a lower intensity (104-107 A m-2) electron beam can shrink or 
widen a pore depending on its initial dimensions with flow rates as low as 0.3 nm min-1. If the 
initial pore diameter was smaller than the membrane thickness, irradiation induced shrinking (and 
vice versa). Storm et al postulated that the surface flow of partially melted SiO2, driven by a 
reduction in surface tension, was responsible for changes in pore size. Importantly, as the pore 
can be imaged simultaneously, the electron beam intensity can be fine-tuned in real-time to 
obtain a desired pore diameter. Figure 1.5B shows TEM images of a nanopore before and after 
irradiation with a 104-107 A m-2 electron beam. The diameter decreases from ~6 nm to ~2 nm. 
Storm and co-workers report ~1 nm precision when shrinking SiO2 pores, which significantly 
decreases the need for high precision when milling a pore. This technique has now been used 
for a range of membrane materials such as graphene,37 SiNx,53 and aluminium oxide.54 
   For optimum device performance, the diameter of a nanopore should be just larger than the 
molecule of interest. For high signal amplitude and structural resolution, the length of the pore 
should also be kept to a minimum.1 In addition to ion and electron beam based methods, a 
variety of methods are available for tuning a solid-state nanopores size. For example, Wanunu et 
al used e-beam lithography and reactive ion etching with SF6 to controllably thin SiNx membranes 
prior to milling a nanopore.55 SiNx based nanopore platforms commonly have an initial SiNx 
membrane thickness of 20-100 nm. Although thinner membranes are favourable, unfortunately 
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they are fragile which reduces the yield of working devices. The advantage of this technique is it 
provides control over pore length without sacrificing the mechanical stability of a thicker 
membrane. Low etch rates (1.0 nm s-1) enabled precise etching of 250 nm square areas to 
thicknesses as low as 6 nm. Alternatively, coating a nanopores surface with metallic, organic and 
inorganic material can provide control over pore size and chemical properties such as 
hydrophobicity and charge. A full review of coating strategies is outside the scope of this thesis 
but techniques include: metallization via evaporation and electrodeposition56,57; deposition of 
inorganic materials via atomic layer deposition54 and surface functionalization via the use of 
silane or thiol chemistry.58,59 Modifying nanopores with biological molecules can also provide 
control of size as well as additional functionality. Figure 1.6 illustrates several note-worthy 
examples.   
  
Figure 1.6 (A) A schematic of the translocation of amyloid-beta fibrils across a bilayer coated nanopore. Figure 
reprinted from reference 60.(B) A schematic of the platform used by Rant and co-workers to probe protein-protein 
binding kinetics.58 A gold coated SiNx membrane is functionalised with an ethylene glycol based alkylthiol 
monolayer. 2 % of molecules within the monolayer have triethylene glycol alkylthiol tris-nitrilo acetic acid (NTA) at 
their terminus. Tris NTA chelates Ni(II), which was used to immobilise poly-histidine tagged proteins to the pore 
surface. This allowed Rant and co-workers to immobilise a single protein receptor within a nanopore and probe 
interactions with translocating proteins. Figure reprinted from reference 58. (C) A representation of the platform 
used by Kowalczyk et al to mimic the nuclear pore complex. A SiNx pore was functionalised with (3-aminopropyl) 
triethoxysilane and nucleoporins covalently bound to the amines via a sulfo-SMCC cross linker. The selective 
transport of proteins across these nanopores was then studied. Figure reprinted from reference 61. 
   Figure 1.6A shows a representation of a SiNx nanopore coated with a lipid bilayer. Inspired by 
the biological nanopores found in insect antennae, this platform was developed by Yusko et al.60 
The bilayer enabled the study of amyloid-????? ??????????????? ????????????? ?????????????62 This 
was not possible with bare SiNx pores due to non-specific interactions leading to surface 
adsorption and pore blockage. Figure 1.6B shows a schematic of the platform used by Rant and 
co-workers to probe protein-protein binding kinetics.58 Briefly, a gold coated SiNx membrane is 
functionalised with an ethylene glycol based alkylthiol monolayer. 2 % of molecules within the 
monolayer have triethylene glycol alkylthiol tris-nitrilo acetic acid (NTA) at their terminus. Tris 
NTA chelates Ni(II), which was used to immobilise poly-histidine tagged proteins to the pore 
surface.  This allowed Rant and co-workers to immobilise a single protein receptor within a 
nanopore and probe interactions with translocating proteins. Besides the implications for 
biosensing, biomimetic nanopores also provide a novel means of understanding ion and 
molecular transport in nature. An elegant example is Kowalczyk ????????mimicry of the nuclear 
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pore complex. These large protein complexes are responsible for regulating transport of proteins 
and RNA between the nucleus and cytosol in eukaryotic cells. By functionalising a SiNx nanopore 
with nuceloporins, the selective transport of proteins across these complexes was probed by 
Kowalczyk and co-workers (Figure 1.6C).61 
1.2.3 Resistive Pulse Sensing: Ion-based Detection 
   As discussed earlier, resistive pulse sensing is the most common mode of detection when 
using nanopore sensors. The basic principles of this ion-based form of detection will be 
described next.  
  
Figure 1.7 (A) A representation of typical nanopore sensing experiment. A nanopore separates two sides of a 
KCl electrolyte. Upon immersion of non-polarisable electrodes (e.g. Ag/AgCl) either side of the membrane and 
application of a transmembrane potential, DC ionic current flow is established through the nanopore. (B) 
Symmetric nanopores exhibit linear current-voltage characteristics. In a typical experiment, a constant 
transmembrane potential is applied resulting in steady-state ionic current flow, which is the baseline signal. 
Figure adapted from reference 1.  
   Figure 1.7A illustrates a typical experimental set-up. A nanopore within an electrically insulating 
membrane connects two electrolyte chambers, each containing a non-polarisable electrode (e.g. 
Ag/AgCl). The electrolyte commonly consists of monovalent salt ions such as KCl. Upon 
application of a transmembrane potential, DC ionic current flow is established through the 
nanopore.14 It is normal for a constant transmembrane potential to be applied, producing a 
steady-state ionic current flow which is the baseline signal (Figure 1.7B). As nanopore resistance 
is typically in the mega-ohm to giga-ohm range, the relative potential drop across the electrolyte 
is negligible and the bulk of the potential drop is across the nanopore. Equation 1.1 can be used 
to approximate the conductance of a cylindrical nanopore when using electrolytes with ionic 
strengths greater than 100 mM.1 The first term accounts for the pore geometry and access 
resistance (which arises due to field lines converging at the entrance and exit of the nanopore). 
The second term accounts for contributions from the presence of an electric double layer at the 
surface of charged pores.1 For example, pores within SiNx membranes may be charged due to 
the presence of silanol (SiO- / SiOH / SiOH2+) and primary amine (SiNH2 / SiNH3+) groups on the 
surface.63,64 Above pH ~4.2 (the point of zero-charge), the membrane surface has a net negative 
charge and therefore electrostatic interactions induce the accumulation and depletion of K+ and 
Cl- ions at the surface, respectively.14,63  
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1.1 
??????????????????????????????????????????????s ???????????????????????????surf ???????????????????????????????k is 
electrophoretic mobility of potassium in the double layer. 
 
   If a charged molecule is positioned at the entrance of a nanopore, it experiences an 
electrophoretic force due to the local electric field and can be driven across the pore towards an 
electrode with the opposite sign of charge. Electrophoresis is the major driving force for DNA 
translocation.14 The main stages of translocation for a DNA molecule diffusing in bulk solution 
are illustrated in Figure 1.8A. Initially, DNA motion is almost purely diffusive as the bulk of the 
potential drop is across the nanopore. At a distance (r) the molecule begins to drift towards the 
pore due to a combination of the electric field and diffusion (step i). Once at the pore entrance, 
the molecule is threaded into the pore mouth (step ii). If the pore?s radius is smaller than the DNA 
?????????? radius of gyration, there is a free energy barrier associated with the reduction in the 
molecules conformational entropy during translocation (Figure 1.8B). This can result in the 
rejection of DNA molecules from the pore entrance. However, above a critical transmembrane 
potential, the entropic barrier becomes negligible and the molecule passes through the pore in 
accordance with the potential gradient (step iii).1,65,66 The stages of protein translocation are 
similar. However, it should be noted that proteins are smaller and have a heterogeneous surface 
charge distribution hence electrophoresis; electro-osmosis and diffusion can all drive 
translocation and the entropic barrier is negligible.64  
  
Figure 1.8 (A) The main stages of translocation for a DNA molecule diffusing in bulk solution. Initially, DNA 
motion is almost purely diffusive as the bulk of the potential drop is across the nanopore. At a distance (r) the 
molecule begins to drift towards the pore due to a combination of the electric field and diffusion (step i). Once at 
the pore entrance, the molecule is threaded into the pore mouth (step ii) and can be electrophoretically driven 
through the pore in accordance with the potential gradient (step iii). (B) If the pore?s radius is smaller than the 
DNA ?????????? radius of gyration, there is a free energy barrier associated with the reduction in the ?????????? 
conformational entropy during translocation. Figure adapted from reference 66. 
   Translocation events result in a transient, partial blockage of the pore. Due to the competing 
effects of a ?????????? size and surface charge, this can result in a temporary increase or 
decrease of ionic current from the steady-state. Although the volume occupied by a molecule 
results in exclusion of electrolyte ions, the presence of counter-ions at a charged molecules 
surface may increase the number of charge carriers present if the electrolyte concentration is 
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sufficiently low. A decrease is observed if the effective volume charge density of the molecule is 
lower than that of the electrolyte and vice versa.1,14 For example, as dsDNA is strongly and 
homogenously charged, either an increase or decrease of ionic current may occur depending on 
the electrolyte concentration.67 Figure 1.9A shows a plot of conductance change versus KCl 
concentration for the translocation of unfolded 48.5 kb dsDNA across SiO2 nanopores (diameter: 
10 ± 2 nm, length: 60 nm). This chart shows that below ~0.4M KCl, an increase in pore 
conductance is induced by a translocating molecule. Figure 1.9B and Figure 1.9C show typical 
resistive pulse morphologies for 150 mM and 500 mM KCl, respectively.67 The three event types 
correspond to linear (1), partially folded (2) and folded (3) DNA conformations, which are 
illustrated in Figure 1.9D. The low amplitude and long duration of events associated with 
unfolded DNA, reflects the smaller cross-sectional area and longer length of the molecule when 
compared to a folded conformation. Equation 1.2 can be used to estimate the change in pore 
conductance as a function of salt concentration for unfolded DNA. This expression was derived 
by Smeets et al, where the first term represents volume exclusion of the electrolyte by the DNA 
and the second term represents the increase in conductance associated with counter ions along 
the DNA backbone.67 
 ?? ?
?
? ?????
???? ? ????????? ? ??? ??? ??? ? 
1.2 
Where L is pore length; r0 is the DNA radius; ?k and ?Cl are the electrophoretic mobility of potassium and chlorine 
???????? ??? ????????????????????????????? ??? ??????????????????????? ?k* is the effective electrophoretic mobility of 
potassium ions on the DNA backbone and q*l,DNA is the effective surface charge per unit length on the DNA.  
  
Figure 1.9 (A) Conductance change as function of KCl concentration for unfolded 48.5 kb dsDNA translocating 
across 10 ± 2 nm diameter SiO2 nanopore (length: 60 nm). (B) Typical resistive pulses for dsDNA translocating 
across a SiO2 nanopore (diameter: 10.2 nm, length: 60 nm) using a 500 mM KCl buffer. (C) Typical resistive 
pulses for dsDNA translocating across a SiO2 nanopore (diameter: 10.2 nm, length: 60 nm) using a 150 mM KCl 
buffer. (D) Illustrations of the three conformations of DNA relevant to Figure 1.9B and Figure 1.9C: linear (1), 
partially folded (2) and folded (3). Figure adapted from reference 67.  
   Nanopore sensing studies typically involve statistical analysis of resistive pulses. Figure 1.10 
shows the parameters most commonly extracted, which yield information about the molecule of 
interest. The event amplitude and duration are related to the cross-sectional area, length and 
charge of a molecule whilst inter-???????? ?????????????????????????????????????????????? 
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Figure 1.10 Typical resistive pulse shape. Important parameters are indicated: dwell time (td), event amplitude 
(?I) and inter-event time (?t).  
   Although resistive pulse sensing is the most common mode of detection, alternative methods of 
detection have been established. The following section will provide a brief introduction into the 
rationale behind these developments with a particular focus on fluorescence spectroscopy.  
1.3 Fluorescence Spectroscopy and Nanopores 
   In recent years, nanopores have been integrated with alternative detection modes such as 
tunnelling spectroscopy using transverse electrodes and optical detection via fluorescence and 
Raman spectroscopy.68?71 These studies have been motivated by several factors, including the 
aims of obtaining complementary information, increasing analytical throughput and increasing 
structural resolution.43 All these techniques have unique properties which make their integration 
with nanopore sensing desirable for different applications.  
   Fluorescence spectroscopy is particularly useful as fluorescent labels can be used to identify 
different regions of molecules or discriminate molecules within heterogeneous solutions and a 
number of molecular properties can be studied such as local environment (via fluorescence 
quenching) and molecular distance (via FRET).43,72,73 Furthermore, fluorescence detection can 
be enhanced by controlling throughput, incorporating photonic structure on the nanopore 
platform or by using a partially metallic nanopore as a zero-mode waveguide.70,74 Biomolecules 
are typically labeled with fluorophores due to their low intrinsic fluorescence. Organic 
?????????????????????????? chosen due to their small size, a wide range of bright and photostable 
commercial fluorophores, with functional groups for conjugation to proteins and nucleic acids, are 
available (e.g. the Invitrogen Alexa Fluor© series). It should be noted that label-free optical 
detection of translocation events is also possible and has been demonstrated with both solid-
state and biological nanopores.75?77 However, this technique uses Ca2+ sensitive fluorescent 
dyes to monitor changes in ion flux through the nanopore and is therefore analogous to ion-
based resistive pulse sensing. 
   A range of optical configurations have been combined with nanopores for single-molecule 
fluorescence studies, these include the use of partially metallic nanopores as zero-mode 
waveguides,70 liquid core antiresonant reflecting optical waveguides,73 confocal fluorescence 
microscopy,78 and total internal reflection microscopy.79 The following section will provide a brief 
introduction into the principles of fluorescence before discussion of the different configurations.  
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1.3.1 Principles of Fluorescence Spectroscopy 
   The origin of fluorescence was first identified by Sir George Gabriel Stokes in 1852. In a 
?????????????????????????????? ??????????????????????????????????????????????????????????????????????????
glow of a quinine sulphate solution was a result of the absorption and subsequent emission of 
light.80 This deduction laid the foundation for the theoretical description of photoluminescence. 
Photoluminescence is the emission of a photon from a molecule which has been promoted to an 
electronically excited state via absorption of a photon. Fluorescence is a form of 
photoluminescence.81,82 The basic principles of fluorescence will be illustrated using the 
simplified Jablonski diagram shown in Figure 1.11A. 
  
Figure 1.11 (A) A simplified Jablonski Diagram illustrating absorption, fluorescence and phosphorescence. The 
ground state (S0), first singlet electronic state (S1) and first triplet electronic state (T1) are shown. Dashed lines 
indicate non-radiative processes. Within each electronic state there are a number of vibrational energy levels (0, 
1 and 2 are depicted here). Dashed lines between vibrational energy levels represent vibrational relaxation. The 
following rate constants are shown: ??? is the rate constant for fluorescence;???? is the rate constant for 
phosphorescence;????? is the rate constant of intersystem crossing from S1 to T1; ????  is the rate constant for non-
radiative relaxation from T1 to S0 ; ??? is the rate constant for vibrational relaxation and ????  is the rate constant for 
non-radiative relaxation from S1 to S0. Figure adapted from reference 81. (B) Absorption (blue) and emission 
(green) spectrum for fluorescein in water. Data ????????? ??? ????? ?????????????? ???? ?????? ?????? ??????????????
molecular structure. 
   The Jablonski diagram shows the ground (S0) and first singlet (S1) electronic state of a 
molecule and the associated vibrational energy levels.81 The first step of fluorescence is 
absorption of a photon by a molecule in the ground state such that an electron is promoted from 
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 
(LUMO) and the molecule enters an excited state (S1). For molecules in solution, collisions with 
solvent molecules induce rapid (vibrational) relaxation to the ground vibrational state of S1. 
Excitation to higher singlet electronic states can occur if incident photons have sufficient energy 
but internal conversion to S1 followed by vibrational relaxation is likely. Internal conversion is a 
non-radiative transition between electronic states of matching spin multiplicity and can also occur 
from S1 to S0. Fluorescence describes the relaxation from S1 to a vibrational level within S0 via 
the emission of a photon. As fluorescence emission usually occurs from the ground vibrational 
state of S1, the photons emitted typically have longer wavelengths (lower energy) than those 
absorbed. Consequently, fluorescence spectra are usually independent of the excitation 
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wavelength and are positioned at higher wavelengths than absorption spectra. For example, 
Figure 1.11B shows the emission and absorption spectra for fluorescein in water. The difference 
between the peak absorption and peak emission wavelength is defined as the Stokes Shift.81?83  
   Fluorophores may exhibit fluctuations in emission, due to triplet state formation, termed 
blinking.84 This occurs due to intersystem crossing from S1 to T1, shown in Figure 1.11A. 
Intersystem crossing is a non-radiative transition between two isoenergetic vibrational levels 
where the excited electrons spin changes. After vibrational relaxation to the ground vibrational 
state of T1, relaxation to S1 via photon emission can occur. This is called phosphorescence. 
Phosphorescence is spin forbidden and hence the rate is slow. If the lifetime of T1 is sufficiently 
long and the energy difference between T1 and S1 is small, reverse transitions followed by 
fluorescence (so-called delayed fluorescence) can also occur. For molecules in solution, non-
radiative relaxation via collisions with solvent molecules tends to dominate.81?83  
   Most single-molecule fluorescence detection methods rely on the detection of multiple photons 
via repeated excitation and emission of a fluorophore. Hence, two important parameters when 
choosing a suitable fluorophore are the excited state lifetime and quantum yield. Quantum yield 
is defined as the ratio of the number of photons emitted to that absorbed and determines the 
brightness of fluorescence. The excited state lifetime is defined as the average lifetime of a 
molecule in the excited state and is given by equation 1.3. Values less than 10 ns are typical for 
common fluorescent dyes.81?83 The term knr represents the different non-radiative relaxation 
mechanisms such as intersystem crossing, internal conversion and vibrational relaxation, 
characteristic timescales are shown in Table 1.1.82  
 ? ?
?
?? ? ???
 1.3 
Where, ? is the excited state life time and kr and knr correspond to the rate of radiative and non-radiative 
relaxation mechanisms respectively.  
 
Mechanism Life Time / s 
Absorption 10-15 
Vibrational Relaxation 10-12-10-10 
Intersystem Crossing 10-10-10-8 
Internal Conversion 10-11-10-9 
Fluorescence (S1)  10-10-10-7 
Phosphorescence (T1)  10-6-1 
Table 1.1 Typical timescales for mechanisms associated with photoluminescence. Data provided by reference 
82.  
   It should be noted that alternate non-radiative relaxation mechanisms exist. These include 
quenching via collision, electron or proton transfer and Förster resonance energy transfer 
(FRET).82,85 Collisional quenching and FRET will be discussed in chapter 5 and 6, respectively.  
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1.3.2 Brief History: Fluorescence Detection with Nanopores 
1.3.2.1 Liquid Core ARROW enabled Fluorescent Microscopy 
   Anti-resonant reflecting optical waveguides (ARROWs) transport light in a low refractive index 
core and enable the guiding of light into and out of liquid channels. Recent studies have 
demonstrated single-molecule detection using an optical probe volume defined by two 
intersecting liquid-core and solid-core ARROWs, perpendicular to each other.86,87 Liu et al have 
been the first to integrate such a device with a nanopore platform and demonstrate simultaneous 
optical and electrical detection of single-molecules.73 Figure 1.12A shows a schematic of the 
device developed. Molecules are electrophoretically driven through a nanopore in a ~170 nm 
thick SiO2 membrane into a liquid-core ARROW. Hydrostatic pressure drives analytes along this 
waveguide towards a ~100 fl excitation volume defined by the waveguides intersection with a 
perpendicular solid-core ARROW, which excitation light propagates along. Fluorescence 
emission is subsequently collected by the liquid-core ARROW and detected using avalanche 
photodiodes via an additional solid-core ARROW. Liu and co-workers demonstrated optical and 
electronic detection of 100-200 nm diameter analytes using this optofluidic device. For example, 
Figure 1.12B shows simultaneous optical and electrical detection of fluorescently labelled H1N1 
influenza A virus (diameter: 120 nm). This data was collected with a device where the optical 
detection volume was positioned beneath the nanopore. A significant advantage of integrating 
optical and electrical detection is the ability to discriminate particles within heterogeneous 
solutions via resistive pulse shape or fluorescent signal. This was aptly demonstrated by the 
group with a mixture of the fluorescently labelled H1N1 influenza A virus and ~100 nm 
fluorescent nanoparticles. 
  
Figure 1.12 (A) Schematic and photograph of the nanopore integrated optofluidic device developed by Liu and 
co-workers. Samples are loaded in chamber 1 and driven across the nanopore into a liquid-core ARROW (blue) 
due to a potential difference between chambers 1 and 3. Hydrostatic pressure applied between chambers 2 and 
3 moves analytes towards a ~100 fl excitation volume defined by the waveguides intersection with a 
perpendicular solid-core ARROW (orange), which excitation light propagates along. Fluorescence emission is 
subsequently collected by the liquid-core ARROW and detected using avalanche photodiodes via an additional 
solid-core ARROW. (B) Simultaneous electrical (top) and optical (bottom) detection of fluorescently labelled 
H1N1 influenza A virus (diameter: 120 nm). This data corresponds to a device where the optical detection volume 
was positioned beneath a ~157 nm diameter nanopore in a ~170 nm thick SiO2 membrane. Figure adapted from 
reference 73. 
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   The main advantage of integrating a nanopore with ARROWs is the step towards lab-on-a-chip 
technology via miniaturization of the analytical platform. However, unlike alternative optical 
configurations discussed later, this technique does not provide the ability to directly probe a 
nanopore as the detection volume must be positioned beneath the nanopore. 
1.3.2.2 Total Internal Reflection Fluorescence Microscopy  
   Total internal reflection fluorescence (TIRF) microscopy is a powerful single-molecule method 
that has been coupled with nanopore platforms on a number of occasions.72,77,79 TIRF uses total 
internal reflection (TIR) to generate an evanescent field at the interface of a high and low 
refractive index medium. Figure 1.13 illustrates the TIR phenomenon.  TIR arises when incident 
light passes through the high refractive index medium first and the angle of incidence at the 
interface is above the critical angle (?C) given by equation 1.4. The high angle of incident light 
can be achieved by focusing a laser beam into a high numerical aperture (>1.4) oil immersion 
objective off-centre.79 The evanescent field generated at the interface decays into the low 
refractive index medium according to equation 1.5, where the decay length is given by equation 
1.6. This evanescent field is used to excite fluorophore molecules within a distance of typically 
half the wavelength of the incident light. The detection area is normally on the order of 100 µm2 
and hence TIRF is usually visualized using an emCCD camera with millisecond temporal 
resolution.4,79,83 
 ?? ? ????? ?
??
??
? 1.4 
 ???? ? ??????
?
? 1.5 
 ? ?
??
?????? ??? ? ? ???
 
1.6 
????????C is the critical angle; n1 is the refractive index of the medium which incident light passes through; n2 is 
the refractive index of the sample; d is the penetration depth; I is the intensity of the evanescent field normal to 
???? ??????????? ?0 ??? ??????????????? ??? ????????? ?????? ???? ?? ???????? ???? ?? ??? ???? ?????? ?? incidence. Note that 
equation 1.4 is only valid when n1 > n2. 
  
Figure 1.13 (A) Refraction of light at the interface of a high (n1) and low (n2) refractive index medium. The critical 
angle is given by equation 1.4. (B) Total internal reflection of light at the interface of a high (n1) and low (n2) 
???????????????????????????????????????????????????i????????????????????????????????C).83  
   Wide-field detection using TIRF has been coupled with both solid-state and biological nanopore 
platforms for single-molecule detection near the membrane. 72,77,79 Figure 1.14A shows the 
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experimental set-up used with alpha-hemolysin ??-HL) by Heron et al.77 TIR occurs at the 
interface of the coverslip and the agarose layer used to support the lipid bilayer. This set-up 
notably allows the entire lipid bilayer to be imaged, which is ideal when studying protein 
nanopores due to their lateral diffusion within the host lipid bilayer. Proof-of-principle experiments 
by Heron et al showed synchronized optical and electrical detection of cyclodextrin entering and 
blocking arrays of ?-HL pores. For solid-state nanopores, an evanescent wave is typically 
established at the membrane by increasing the refractive index of the electrolyte between the 
membrane and objective using additives such as CsCl79 or Urea.72 Figure 1.14B shows a 
schematic of the experimental set-up used by Soni et al.79 A refractive index of 1.41 was 
achieved by adding 7 M CsCl to the electrolyte chamber between the membrane and objective 
(compared to 1.33 for the electrolyte on the opposing side of the membrane). This set-up 
enabled synchronized optical and electrical detection of protein-DNA complexes.  
  
Figure 1.14 (A) Schematic of the experimental set-up used by Heron et al to integrate TIRF with protein 
nanopore sensing. Figure reprinted from reference 77. (B) A schematic of the experimental set-up used by Soni 
et al to integrate TIRF with solid-state nanopore sensing. An evanescent wave was established at the free 
standing silicon nitride membrane by increasing the refractive index of the electrolyte between the membrane and 
objective. A refractive index of 1.41 was achieved by adding 7 M CsCl (the electrolyte on the opposing side of the 
membrane had a refractive index of 1.33). A high angle of incidence was achieved by focusing the laser beam 
into an oil immersion (NA 1.45) objective off-centre. Figure reprinted from reference 79. 
   A significant advantage of TIRF is the large lateral detection area as it provides the ability to 
probe arrays of nanopores simultaneously. One application of note is DNA sequencing where a 
high analytical throughput is desirable. McNally and co-workers have demonstrated the viability 
of a nanopore based DNA sequencing method that uses TIRF for parallel readout of nanopores. 
The method relies on the consecutive detection of fluorescent labels specific to each nucleotide 
in a target DNA molecule during translocation of a template molecule. The sequence of photon 
bursts can subsequently be used to determine the original sequence of DNA.72,79,88 
   TIRF does have its limitations. Firstly, emCCD cameras provide relatively low temporal 
resolution (on the order of a millisecond). Secondly, the refractive index requirements impose 
limitations on the experimental set-up and conditions. For solid-state nanopores, the latter 
necessitates the use of additives which restricts the physiological relevance of biophysical 
studies.  For instance, if the appropriate cellular conditions are not used, a protein?s structure 
may be significantly altered and its interactions disrupted.  
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1.3.2.3 Confocal Fluorescence Microscopy 
   Confocal microscopy is widely used for single-molecule fluorescence studies as it essentially 
provides single point detection from a diffraction limited, spheroidal, volume of typically 0.5-1.0 
fl.3 The key components of a confocal microscope and principles behind the technique will be 
discussed in detail in chapter 2. Briefly, a pinhole positioned before the detector rejects out of 
focus light reducing the detection volume. Figure 1.15 shows a simplified diagram of a common 
optical configuration, where an APD is used for detection and the microscope objective is used to 
both focus the incident light and collect emitted photons.3 
  
Figure 1.15 Schematic of a confocal microscope in an epifluorescence configuration. 
   Confocal microscopy has been applied to both biological and solid-state nanopores and been 
used to detect both fluorescently labelled and label-free biomolecule translocation 
events.70,75,89,90 The lack of constraints on experimental conditions and sensitivity of APD based 
detection (i.e. single photon resolution and kilohertz-megahertz sampling rates4) mean it is 
perhaps the most powerful technique for directly probing translocation events through a single 
solid-state nanopore. Due to the single point nature of the technique, scanning is necessary 
when studying single biological pores (due to their continual diffusion) or arrays of solid-state 
nanopores. For such systems, wide-field imaging using TIRF is potentially more suitable. 
Chansin et al were the first to apply a confocal microscope to a single solid-state nanopore.70  
Interestingly, this study utilised a partially metallic nanopore as a zero-mode waveguide. A brief 
introduction into the advantages of this approach will be provided in the next section.  
1.3.2.4 Using a Solid-State Nanopore as a Zero-mode Waveguide 
   A zero-mode waveguide (ZMW) consists of a subwavelength aperture in a metallic film and is a 
commonly used tool within the single-molecule community. The simplest implementation is an 
aperture in a metallic film (often gold or aluminium) upon a microscope coverslip, as shown in 
Figure 1.16.91,92 The small lateral dimensions of ZMWs means no propagation modes exist for 
incident light. As a result the intensity of incident light decays exponentially along the pore axis 
providing confined detection and excitation volumes down to a zeptolitre (10-21 l). The small 
probe volume has a number of advantages including high lateral resolution, reduced 
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photobleaching and reduced background noise from molecules in the bulk solution permitting 
high working concentrations;  Furthermore, the size of optical detection volume can be tuned by 
changing the ZMW diameter or laser wavelength (see chapter 2 for more details).91?93 
   
Figure 1.16 Schematic of a typical zero-mode waveguide experimental set-up comprised of a subwavelength 
aperture in a metallic film on a microscope coverslip. Figure adapted from reference 91. 
   Incorporation of a metallic layer onto the membrane of a nanopore platform allows the 
fabrication of a partially metallic nanopore which acts as a ZMW. Chansin et al were the first to 
demonstrate optical detection of translocation events using such a platform.70 In this study, 
translocation of ?-DNA through 200- 300 nm diameter nanopores was detected. Chansin and co-
workers demonstrated high temporal resolution measurements of DNA translocation through a 
single pore using confocal microscopy and simultaneous measurements from an array of pores 
using an emCCD camera. Figure 1.17A shows a schematic of the platform used, the membrane 
is composed of 200 nm thick SiNx and 100 nm thick Al. The presence of aluminium means the 
detection volume can be restricted to the nanopore and near-side of the membrane. This 
provides the ability to precisely localise a molecule within the optical detection volume and 
therefore directly probe ?? ????????? fluorescence during translocation.  
   An alternative platform design has recently been reported by Larkin et al.93 Figure 1.17B shows 
a schematic of this platform. The membrane is composed of 35 nm thick SiNx and 100 nm thick 
Al. The Al layer contains an array of 70 nm diameter apertures, at the base of each a sub-5 nm 
diameter nanopore is milled through the SiNx. This platform architecture enabled reversible 
positioning of protein-DNA complexes into the ZMW. Figure 1.17C displays a simultaneous ionic 
current (10 kHz filtering, 250 kHz sampling) and emCCD photon trace (400 ms resolution) at 850 
mV bias showing optical and electrical detection ???????????????????????????????????complex. 
   An additional advantage of hybrid nanopore-ZMW platforms is that modifications to the metallic 
layer can provide further functionality. For example incorporation of periodic concentric 
corrugations around a nanoaperture can enable temperature control via plasmonic heating and 
Aouani et al have shown that similar photonic structure can result in an increase in the intensity 
of fluorescence.74,94 
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Figure 1.17 (A) Schematic of the hybrid zero-mode waveguide-nanopore platform used by Chansin et al to 
??????? ?-DNA translocating through 200- 300 nm diameter nanopores.70 The free-standing membrane is 
composed of 200 nm thick SiNx and 100 nm thick Al. Figure adapted from reference 43. (B) Schematic of the 
hybrid zero-mode waveguide-nanopore platform developed by Larkin et al. The membrane is composed of 35 nm 
thick SiNx and 100 nm thick Al. The Al layer contains an array of 70 nm diameter apertures. At the base of each 
zero-mode waveguide a sub-5 nm diameter nanopore is milled through the SiNx. Figure adapted from reference 
93.(C) Simultaneous ionic current (10 kHz filtering, 250 kHz sampling) and emCCD photon trace (400 ms 
resolution) at 850 mV bias showing reversible positioning of a biotinylated ????streptavidin complex inside the 
hybrid zero-mode waveguide-nanopore platform developed by Larkin and co-workers. Short resistive pulses 
correspond to the translocation of free DNA. Points 1 to 5 correspond to the complex entering the zero-mode 
waveguide. Streptavidin prevents translocation of the complex hence resistive pulses are long-lasting. 
Simultaneous bursts of fluorescence are observed as streptavidin is fluorescently labelled. Data collected using a 
400 mM KCl buffer. Figure adapted from reference 93. 
1.4 Aims and Objective  
   The aim of this thesis was to synchronize optical and electrical detection of biomolecules using 
a confocal microscope and a hybrid nanopore-ZMW based on a novel-low noise platform. The 
motivations behind this work were as follows. Firstly, as discussed in section 1.3, the integration 
of fluorescence spectroscopy can provide complementary information to traditional resistive 
pulse sensing. For instance, fluorescent labels can be used to identify different regions of a 
molecule; discriminate molecules in heterogeneous solutions and molecular properties such as 
local environment (via fluorescence quenching) and molecular distance (via FRET) can be 
probed.4,72,73 Secondly, the application of a confocal microscope to a hybrid nanopore-ZMW is 
perhaps the most powerful technique for directly probing a single nanopore due to the small 
detection volume and sensitivity of avalanche photodiodes (i.e. single photon resolution and 
kilohertz to megahertz sampling rates). Finally, the use of a novel low-noise platform was 
pursued as commonly used Si substrate based nanopore sensors exhibit high ionic current noise 
with and without laser illumination. This limits their applicability to high-laser-power, high-
bandwidth electronic measurements, which in-turn restricts the range of molecules that can be 
studied and the structural resolution provided by resistive pulse sensing. 
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1.5 Thesis Outline 
   Chapter 2 introduces the key instrumentation for optical and electronic detection of 
biomolecules, including the necessary hardware for synchronizing data acquisition. Synchronized 
data acquisition is confirmed and the confocal detection volume is shown to be sufficient for 
single-molecule detection. This chapter also presents the methods used to analyse single-
molecule data.  
   The design and fabrication of Si and pyrex substrate based silicon nitride nanopore platforms is 
discussed in Chapter 3. In Chapter 4, the different sources of ionic current noise and 
optimisation strategies are reviewed before comparison of the noise properties exhibited by the 
Si and pyrex based platforms. The pyrex based platforms are shown to exhibit lower effective 
chip capacitance, high frequency ionic current noise and crucially photo-induced ionic current 
noise.  In addition, we demonstrate lower magnitude ionic current noise using pyrex based 
platforms than current reports using similar optical configurations and optimised Si based 
nanopore platforms. This chapter concludes with proof-of-principle electronic measurements of 
the translocation of 5 kb dsDNA, which confirm the viability of the pyrex based platform for 
single-molecule detection with and without laser illumination.  
   In Chapter 5, the design considerations and extra fabrication steps required for using a pyrex 
based platform as a hybrid nanopore-zero mode wave guide are described. Independent optical 
and electrical measurements of 5 kb dsDNA translocation demonstrate the high signal-to-noise 
ratios provided by the platform. Furthermore, synchronized detection is demonstrated; the first 
report using a hybrid nanopore-zero mode wave guide and confocal microscope. The chapter 
concludes by suggesting potential methods of optimising the platform.   
   Chapter 6 concludes this thesis by summarizing achievements and discussing future 
applications of synchronized optical and electronic measurements. Preliminary single-molecule 
FRET experiments are presented and the viability of synchronized electrical and optical 
measurements (using FRET) confirmed.  
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Synopsis: The goal of this project was to synchronize optical and electronic detection of 
biomolecules using a confocal microscope and solid-state nanopore sensor. This chapter 
introduces the necessary instrumentation as well as the methods used to analyse single-
molecule data.  
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2.1 Confocal Microscopy 
   The confocal microscope was invented by Marvin Minsky in 1955 and first used to detect single 
molecules by Rigler and co-???????? ??? ?????????? ?????1?3 Figure 2.1 contains a schematic of a 
confocal microscope in an epifluorescence configuration, where the microscope objective is used 
to both focus the incident laser and collect emitted photons. Crucially, confocal detection is 
attained by rejecting out of focus light at an image focal plane using a pinhole before detection. 
The resulting diffraction limited, spheroidal, detection volume is typically 0.5-1.0 fl.4 More detail 
will be provided on the experimental set-up next. 
  
Figure 2.1 Schematic of a confocal microscope in an epifluorescence configuration. 
2.1.1 Laboratory Set-Up 
   All experiments were conducted using a previously reported confocal microscope.5 This set-up 
is based upon a 488 nm, 10 mW continuous-wave solid-state laser (Sapphire 488LP, Coherent) 
and an Olympus IX71 inverted microscope with a 60x water immersion objective (working 
distance = 0.28 mm, 1.20 NA, UPLSAPO 60XW, UIS2, Olympus). This set-up includes a 
motorized stage (H117, Prior Scientific) and controller unit (ProScan II, Prior Scientific) for 
precise adjustment of focus and sample position (10 nm minimum step size).The optical set-up is 
illustrated in Figure 2.2 and a list of the components is provided in Table 2.1. The key features of 
this set-up will be described in the following sections. 
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Figure 2.2 Schematic of the confocal microscope optical set-up. 
 Component Manufacturer Part Number Specification 
QW Quarter Waveplate ThorLabs WPQ05M-488 For circular polarisation. 
NDF Neutral Density Filter ThorLabs NEK01 Attenuates laser power by 10-
OD where OD = 0.1-4. 
M1/2/3 Mirror ThorLabs PF10-03-GO1 Aluminium 
BE Beam Expander ThorLabs BE05M Galilean 5x 
DM1 Dichroic Mirror  Chroma Custom Dual Band 
EM1 Emission Filter Chroma Custom Dual Band 
TL1/2 Tube Lens Olympus - Olympus IX71 microscope 
PH Pin Hole ThorLabs P75S 75 µm diameter 
DM2 Dichroic Mirror Chroma 630DCXR Transition at 630 nm 
wavelength. 
EM2 Emission Filter Chroma HQ640LP Long Pass 
EM3 Emission Filter Chroma HQ540/80M Band Pass 
L2 Lens ThorLabs LA1805 Plano-Convex f = 30 mm 
L3 Lens ThorLabs LA1805 Plano-Convex f = 30 mm 
Camera EMCCD Camera Photometrics Cascade II See section 2.1.1.4 
APD Avalanche photodiode Perkin-Elmer SPCM-AQR-14 See section 2.1.1.5 
Table 2.1 Components within the confocal microscope optical set-up. 
2.1.1.1 Microscope Objective 
   An epifluorescence optical configuration is employed within the experimental set-up where the 
microscope objective is responsible for focusing light into a small excitation volume and 
collection of fluorescence (as well as magnification). A 1.2 numerical aperture (NA) water 
immersion objective (UPLSAPO 60XW, UIS2, Olympus) was used in all experiments. The NA, 
given by expression 2.1 describes the maximum cone of light which may enter or leave the 
objective (Figure 2.3).6  
 ?? ? ???? ? 2.1 
?????????????????????????????????????????????? ?????????????????????????-angle of the cone of light which may 
enter the objective from a point source on the object plane.6 
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Figure 2.3 The numerical aperture of an objective, with respect to point P, is defined by the maximum cone of 
????????????????????????????????????????????????????????????? 
   A high NA objective provides a smaller excitation and detection volume and is therefore one of 
the limiting factors for the resolution of a microscope.6  Furthermore, fluorescence from a point 
source is in all directions and therefore the photon collection efficiency of an objective is directly 
related to its numerical aperture. For example, numerical apertures of 0.95, 1.3 and 1.45 
correspond to 10%, 26% and 40% of the sphere of emission surrounding a point source.6 The 
unfortunate restriction placed on the collection efficiency by the numerical aperture is an inherent 
limitation of single objective microscopy.  
   Although higher NA oil immersion objectives (NA= 1.45) are available, a 1.2 NA water 
immersion objective was selected to minimise refractive index mismatch, as nanopores are 
immersed within an aqueous solution. The chosen model also contained a correction collar to 
reduce spherical aberrations arising from refractive index mismatch at the coverglass-water 
interface.7,8 To maximise NA, a beam expander was placed before the objective. This increased 
the laser beam diameter such that the laser filled the rear aperture of the microscope objective, 
thereby increasing NA and reducing the radius of the focal volume.6 
2.1.1.2 Filter Sets 
   The epifluorescence configuration is enabled through the use of a dichroic filter to separate 
incident laser light from fluorescent light. A custom dichroic filter (DM1, Chroma Technology) was 
used, which is transparent to light within specific wavelength ranges, reflecting light outside this 
range (Figure 2.4). DM1 is placed at 45° to both incident laser and fluorescent light whereby 
incident laser light is reflected into the objective pathway and fluorescent light is transmitted 
through the filter. An additional, custom, emission filter (EM1, Chroma Technology) is present 
after DM1 to reject any light outside of the desired wavelength range which has passed through. 
Figure 2.4 shows the transmission spectra for this filter.  
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Figure 2.4 Transmission filter for the custom dichroic (DM1) and emission (EM1) filter set. Data provided by 
Chroma Technology. 
2.1.1.3 The Pinhole  
   The pinhole (P75S, ThorLabs) is crucial to confocal microscopy. It rejects out of focus light at 
an image focal plane, which reduces the detection volume and consequently increases the  
signal-to-noise ratio and resolution. The choice of pinhole diameter is crucial to attaining a 
diffraction limited detection volume and is based upon the diffraction pattern observed when 
imaging a point source of light.6,9 
  
Figure 2.5 (A) A schematic of a 100-nm diameter point source of 557 nm wavelength light in the x-y plane 
(perpendicular to the optical axis). (B)  Theoretical lateral point spread function for a 1.3 NA, oil-immersion 
objective (pixel size: 23 nm). Figure adapted from reference 9. 
   An image stack of a point source of light provides a 3-dimensional intensity distribution called 
the point spread function (PSF). Figure 2.5 shows a schematic of a 100-nm diameter source of 
557 nm wavelength light and a cross-section of the theoretical PSF, perpendicular to the optical 
axis, for a 1.3 NA oil-immersion objective.9 The lateral PSF consists of a bright central point 
surrounded by periodic concentric rings. This intensity distribution arises due to interference of 
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converging wave fronts and is called the Airy pattern; the centre is the Airy disk. The diameter of 
the pinhole should match that of the Airy disk so that out-focus-light can be blocked.6 
   The Airy disk diameter is dependent on the numerical aperture of the microscope objective; the 
wavelength of emitted light and the size of the analyte. For an infinitesimally small point source of 
light, it is given by expression 2.2.6 The Rayleigh lateral resolution limit defines the minimum 
distance at which two point sources of light may be distinguished as the radius of the Airy disk 
and can therefore be calculated using this expression.10 
 
?????? ?
?????
??
 
2.2 
Where, dAiry is the Airy ????? ?????????? ? is the wavelength of emitted light and NA is the numerical 
aperture of the objective used. 
 
   The optical set-up utilises a 75 µm diameter pinhole. This configuration has been successfully 
applied to single-molecule detection in previous work by Dr. Guillaume Chansin.11 
2.1.1.4 emCCD Camera 
   The optical set-up includes an electron multiplying charge coupled device (emCCD) for use as 
an imaging detector. The principle of detection within emCCDs relies on the photoelectric effect. 
Briefly, an emCCD contains a 2-dimensional array of Si based detector elements, which light 
from the probe volume is projected onto. Incident photons generate electron-hole pairs and 
recombination is prevented via application of a potential. The amount of charge accumulated by 
each element is proportional to the number of incident photons and thus readout of the array can 
be used to generate an image. The key feature of an emCCD, which distinguishes it from a CCD, 
is on-chip amplification of the number of electrons generated by each pixel during readout. This 
is achieved by applying sufficient potential for the stored charge to produce secondary electrons 
in the silicon by impact ionization, before external amplification of the output current signal and 
image generation. This procedure increases signal-to-noise and consequently improves image 
quality.6,12 
   The set-up employs a Photometrics® Cascade II® emCCD camera, which provides a 512 ?  512 
array of 16 µm  ?   16 µm pixels. An operating temperature of -77°C was used to reduce dark 
noise. Dark noise is a result of the accumulation of dark charge (thermally generated electrons) 
and hence thermal energy within the Si of a CCD. Cooling was enabled by integrated circuitry. 
For wavelengths between 500 and 650 nm, Photometrics® quote a quantum efficiency of 
converting incident photons to charge of greater than 90 %. 
   Images were acquired using Micromanager 1.4.11?? ???? ??????? ???? ?? ??????? ????????? ??????
enabling continuous detection instead of sequential exposures and readouts. The maximum 
temporal resolution of videos is related to the readout speed.6 For full frame acquisitions 
temporal resolutions of 34.3 ms are possible with this set-up. Sub-region readouts can provide 
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faster framerates, for example readout from a 200 ? 200 pixels region provides a temporal 
resolution of 15 ms.11 Although greater temporal resolution is achievable using avalanche 
photodiodes, image acquisition would require a raster scan, which is not possible with this set-
up. Thus the emCCD provides a simple means of imaging an object and is an integral part of the 
optical set-up. 
2.1.1.5 Avalanche Photodiodes 
   Fluorescence emission was split into two bands; green (wavelength: 500 - 580 nm) and red 
(wavelength: 640 - 800 nm) using a dichroic filter (DM2, 630DCXR, Chroma) before detection by 
Avalanche photodiodes (SPCM?AQR?14, Perkin?Elmer).  
   Avalanche photodiodes (APDs) are high speed single photon, semiconductor based, point 
detectors. Similar to emCCD cameras, detection of light is based on the generation of electron-
hole pairs via impact ionization upon absorption of a photon.13 Figure 2.6A shows the typical 
detection efficiency as a function of photon wavelength.  The APDs used generate a 2.5 V, 30 ns 
duration TTL pulse per photon. The output of the detectors was coupled to a DAQ card (NI 6602, 
National Instruments), where the number of pulses are registered independently by two counters. 
After detection of a photon, there is a (minimum) 50 ns period ???????? ???where incident photons 
are not detected. As a result the maximum count rate is roughly 12.5 MHz. In practice, the desire 
for low background photon noise meant laser power was tuned so that count rates were typically 
below 100,000 counts per second. An additional motive to keeping the count-rate low is a 
reduction in the collection efficiency above 200,000 counts per second due to the arrival of 
photons during the detectors ?dead time?. A plot of the appropriate correction factor as a function 
of count-rate (provided by Perkin-Elmer) illustrates this phenomenon (Figure 2.6B). The 
correction factor increases significantly from 1.01 at 200,000 counts per second to 1.4 at 5 million 
counts per second.  
  
Figure 2.6 (A) Typical photon detection efficiency versus wavelength. (B) The typical correction factor as a 
function of count rate (MPS: 106 photons per second). Data provided by Perkin-Elmer for the SPCM-AQR-1X 
Avalanche Photodiode product range 
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   A custom Labview program, written by Dr. Joshua B. Edel, was used for control of data 
acquisition (Figure 2.7 shows a screen shot). The sampling frequency, input via this program, 
determines the interval at which the counters and therefore number of registered pulses are read 
and saved to memory. The maximum sampling frequency of a NI 6602 DAQ card is 80 MHz. 
However, the sampling frequency was restricted by computing power and the rate of data 
transfer to 100 kHz. The LabView program displays a live feed of photon counts with an option of 
re-binning at lower temporal resolution. Furthermore, it calculates the autocorrelation and cross-
correlation functions of the two channels.  
  
Figure 2.7 A screen shot of the Labview program used for APD data acquisition. Two panels display a live feed 
of the photon counts within the green and red channel, highlighted here by a green and red solid-line 
respectively.  Two panels display autocorrelation functions for each channel, highlighted here by a green and red 
dashed-line. The black plots correspond to the cross-correlation function of the two channels. 
2.1.2 Measuring the Optical Probe Volume Dimensions 
   For a fluorescent molecule diffusing in free solution, transient bursts of fluorescence are 
observed when a fluorescent molecule diffuses across the confocal detection volume. If the 
diffusion coefficient of the molecule is known, the dimensions of the detection volume can be 
estimated via fluorescence correlation spectroscopy (FCS).  
   FCS is based upon statistical analysis of fluctuations in fluorescent intensity using 
autocorrelation function (ACF) analysis. The ACF of a fluorescent signal provides a measure of 
the timescale of fluctuations in fluorescence intensity and therefore the timescale of the 
responsible mechanism(s). The normalised autocorrelation function of a fluorescent signal (G(?)) 
is provided by expression 2.3, Figure 2.8 illustrates the terms used.6 Whilst a molecule is present 
in the confocal detection volume, any mechanism which modulates the fluorescent signal such 
as structural change, photobleaching and triplet crossing may contribute to the FCS.6,14,15 
Consequently, a number of physical models exist for interpreting ACFs.6,16 
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2.3 
?????? ?????? ???? ???????? ???? ?????????????? ??? ??????????? ????? ????????? ????????????? intensity (<F(t)>) at an 
initial time (t) and after a time delay (?). 
  
Figure 2.8 Schematic representation of a fluorescent signal and the terms used in expression 2.3. Where ??????
???????????????????????????????????????????????????????????????????????intensity (<F(t)>) at an initial time (t) and 
after a time delay (?). Figure adapted from reference 6. 
 
   If fluctuations of fluorescence intensity arise due to diffusion alone and a 3-dimensional 
Gaussian detection volume is assumed???????????????????????????????????????????????? ??????
ACFs (equation 2.4).16?19 This expression provides the diffusion time and aspect ratio of the 
effective detection volume, where the aspect ratio (k) is equal to the ratio of the 1/e2 radii in the 
optical axis (Z0?? ??? ??????????????????? ??? ????????????????? ??0).  If the diffusion coefficient of the 
molecule is known, the dimensions of the detection volume and its magnitude can then be 
estimated using equations 2.5 to 2.7.17?19 
 
???? ? ? ? ?
?
?
?? ?
?
??
?????
??
?? ?
?
????
?????
???
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2.4 
 ??? ? ? ? ?? ? ?? 2.5 
 ? ?
??
??
 2.6 
 ?? ? ?
?
????? 
2.7 
Where N is the average number of molecules in the detection volume; K is the aspect ratio of the detection 
??????????????????? ??????????D is the molecule diffusion time; z0 and ?0 are the 1/e2 radii of the detection volume 
in the optical axis and perpendicular to the optical axis respectively and Ve is the effective detection volume. 
   This procedure was followed using a ~76 pM solution of fluorescent polystyrene beads with a 
peak emission wavelength of 515 nm (diameter: 28 ± 4 nm, yellow-green Fluospheres, Life 
Technologies). Figure 2.9 shows an ACF calculated from a 120 second acquisition of 
fluorescence in the green channel at ~16 µW laser power. A more complex model was 
unnecessary due to the Fluospheres well defined spherical structure and photostability. 
Furthermore, data was acquired at 10 µs resolution; hence triplet crossing which typically occurs 
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on a sub-microsecond time scale was not present in the collected ACFs.6,20 Fitting 5 ACFs 
provided a molecule diffusion time (?D) of 5.14 ± 0.39 ms and an aspect ratio (k) of 3.72 ± 1.23. 
Importantly, the average number of molecules in the detection volume (N) was 0.93 ± 0.09 
indicating single molecule detection using this set-up is possible.  
 
Figure 2.9 ACF at ~16 µW laser power, within the green channel, for a ~76 pM solution of fluorescent 
polystyrene beads (diameter: 28 ± 4 nm, yellow-green Fluospheres, Life Technologies) in de-ionized water. The 
red line indicates a fit of ????????????????????ACF model (equation 2.4, reference 19). 
 
   The diffusion coefficient of the beads was estimated using the Stokes-Einstein relation, 
(equation 2.8) as 1.3?10-11 ± 0.2?10-11 m2 s-1 at the ambient lab temperature (290 K).18 
Equations 2.5 and 2.6 in turn yielded values for the 1/e2 radii of the detection volume of 528.8 nm 
± 2.26?10-14 m and 1.967 ± 0.6504 µm in the optical axis (Z0) and perpendicular to the optical 
???????0), respectively. The standard deviation of Z0 ??????????????????????????0 as it is calculated 
from k, which is extracted with a relatively high uncertainty due to the shape of the 
autocorrelation function not being strongly dependant on it.17 These dimensions provide an 
effective detection volume of 3.06 ± 1.01 fl  via equation 2.7.17,18 
 ?? ?
???
?????
 2.8 
Where RH is the effective hydrodynamic radius; KB the Boltzmann constant; T the temperature; ? the solvent 
viscosity and Ve is the effective detection volume.  
 
   The detection volume dimensions are relatively large. If the pinhole diameter matches that of 
the Airy disk then the lateral and axial radii of the detection volume can be estimated using 
equation 2.9 and 2.10.  For a point source of 515 nm wavelength light, these provide radii of 
261.8 nm and 951.3 nm perpendicular to and within the optical axis respectively.10 
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2.9 
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2.10 
Where rAiry ??? ???? ????? ????? ???????? ? is the wavelength of emitted light; NA is the numerical aperture of the 
??????????????????????????????????????????????????????Axial is distance from the 1st axial minimum to the centre of 
the diffraction pattern.  
 
   The dimensions provided by equation 2.9 and 2.10 represent a theoretical limit for a point 
source of light for an ideal optical system. Nonetheless, the difference in size suggests that the 
pinhole diameter is larger than the Airy disk and therefore could be lowered. Although a smaller 
detection volume would be beneficial to high resolution and contrast 3D images, for this project it 
was not deemed necessary. Single-molecule detection remained possible and hence the pinhole 
size was not changed. 
2.1.3 Pinhole and Detector Alignment  
   Prior to conducting all experiments, alignment of both the avalanche photodiodes and pinhole, 
was verified by adjusting their position to optimize the signal-to-noise obtained with a standard 
fluorescent sample. A streptavidin- Alexa Fluor® 488 conjugate (Molecular Probes®, Life 
Technologies) was chosen. The pinhole (P75s, Thorlabs) and avalanche photodiodes were 
mounted on an XY translation stage and three?dimensional   translation   stages   (PT3,   
Thorlabs) respectively, to enable precise alignment. Figure 2.10A shows a typical photon trace 
and autocorrelation function for 500-580 nm wavelength fluorescence at ~1.87 mW laser power, 
collected with a ~175 pM streptavidin- Alexa Fluor® 488 solution in de-ionized water. The bursts 
of fluorescence correspond to single streptavidin- Alexa Fluor® 488 molecules diffusing across 
the confocal detection volume.  
  
Figure 2.10 (A) Photon trace (1 ms resolution, wavelength: 500-580 nm) for a ~175 pM streptavidin- Alexa 
Fluor® 488 solution in de-ionized water at ~1.87 mW laser power. (B) Autocorrelation function for a 180 s 
acquisition using the same conditions. 
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2.2 Nanopore Sensing 
2.2.1 Laboratory Set-Up 
   The core components of the experimental set up used for nanopore sensing are illustrated in 
Figure 2.11. During experiments nanopores are mounted in a polytetrafluoroethylene (PTFE) 
fluidic cell, designed so that two electrolyte chambers are connected via the nanopore. A 
transmembrane potential was applied to nanopore sensors using an A-M systems 2400 patch-
clamp amplifier and silver / silver chloride electrodes. The analogue signal was filtered by an 
integrated 6 position, four pole low pass Bessel filter before digitization using a NI-USB 6259 
data acquisition (DAQ) card. Strathclyde Electrophysiology Software (WinWCP V4 8.4) was used 
for data acquisition.  The fluidic cell and headstage of the patch clamp amplifier were 
encapsulated by a Faraday cage to shield electromagnetic radiation; the design enabled the 
fluidic cell to be probed via the microscope objective from beneath.  In order to reduce noise 
induced by mechanical vibrations, the entire experimental set-up (excluding the computer) were 
assembled on a floated ThorLab Optical table (PTM51509) containing the optical set-up.  
  
Figure 2.11 Schematic of the core components of the experimental set up used for nanopore sensing: a fluidic 
cell for mounting the nanopore; a faraday cage; Ag / AgCl electrodes; a patch clamp amplifier (A-M Systems 
2400 Amplifier); a data acquisition (DAQ) board (NI-USB 6259) and a computer with appropriate acquisition 
software (Strathclyde WinWCP V4 8.4 Electrophysiology Software). 
2.2.1.1 Fluidic Cell and Cell Holder 
   Nanopores were mounted using a polytetrafluoroethylene (PTFE) fluidic cell and cell holder, 
designed by Dr Mike Cecchini. Figure 2.12A shows a schematic of a cross-section of the fluidic 
cell when loaded with a nanopore device and silver / silver chloride (Ag / AgCl) electrodes. The 
fluidic cell can be broken down into three key components: a threaded cone port fitting and an 
upper and lower PTFE cell (Figure 2.12B).  
Chapter  2  
  
40  
  
  
Figure 2.12 (A) Schematic of a cross-section of the fluidic cell when loaded with a nanopore device and silver / 
silver chloride (Ag / AgCl) electrodes. The height of the nanopore platform is controlled via the fluidic cell holder 
(not pictured). (B) An image of the port fitting and O-ring; lower and upper PTFE cell. (C) An image of the upper 
PTFE cell loaded with the port fitting and a nanopore device. 
 
   The fluidic cell is mounted using a cell holder, shown in Figure 2.13, which provides control of 
the height of the nanopore device with respect to the objective. This cell holder consists of a 
universal sample holder (H473XR, Prior Scientific) designed for inverted microscope stages, 
coupled with an inverted translational Z-mount (SM1Z, Thorlabs) via silver posts (MS2R/M, 
Thorlabs) and right angle post clamps (MSRA90, Thorlabs).  
  
Figure 2.13 An image of the cell holder, which consists of a universal sample holder (H473XR, Prior Scientific), 
an inverted translational Z-mount (SM1Z, Thorlabs), silver posts (MS2R/M, Thorlabs) and right angle post clamps 
(MSRA90, Thorlabs). 
 
Assembly of the cell is as follows: 
1) A nanopore device is secured to the port fitting (polyether ether ketone (PEEK), F332Nx, 
Upchurch Scientific, h=15mm) using silicon epoxy (Kwik-Cast Sealant, World Precision 
Instruments).  
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2) The port fitting is mounted into the upper PTFE cell (diameter: 25 mm, height: 6 mm) 
which contains a centrally located 10-32 threaded hole. The O-ring ensures a seal at the 
interface of these two parts, preventing leakage of electrolyte. Figure 2.12C shows an 
image of the upper PTFE cell loaded with the port fitting and a nanopore device.   
3) A glass coverslip is attached to the lower PTFE cell (height: 5 mm, outer diameter: 25 
mm, inner diameter: 17 mm) using silicon epoxy (Kwik-Cast Sealant, World Precision 
Instruments).  
4) The upper PTFE cell is inserted into the inverted Z-mount (Figure 2.14A). 
5) The lower PTFE cell is placed in the arms of the universal sample holder (Figure 2.14A). 
6) The necessary electrolyte solution is added. The port fitting within the upper PTFE cell 
provides the upper electrolyte chamber (200 µl volume) and the lower PTFE cell provides 
the lower electrolyte chamber (1.1 ml).  
7) The height of the upper PTFE cell is adjusted so that the nanopore is accessible by the 
60? water immersion objective (working distance: 0.28 mm, UPLSAPO 60W, UIS2, 
Olympus) through the glass coverslip base. The Z-mount enables fine adjustment of cell 
height (1.5 mm range, 1 µm step size). Adjustment of the position of the right angle post 
clamps position on the silver posts provides course adjustment of height. Figure 2.14B 
shows an image of the cell after insertion of the nanopore into the lower electrolyte 
chamber.  
  
Figure 2.14 (A) An image of the assembled fluidic cell-cell holder construct prior to the nanopore being lowered 
into the lower electrolyte chamber. (B) An image of the assembled fluidic cell-cell holder platform with the 
nanopore inserted into the lower electrolyte chamber. (C) An image of the optical cell holder mounted within the 
microscope stage. 
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   Once assembly is complete, the cell can be mounted onto the microscope stage (Figure 
2.14C). A steel Faraday cage is placed above the cell to shield electromagnetic radiation. The 
cage has no base so that the fluidic cell can be probed via the microscope objective from 
beneath; copper mesh is placed around the objective to increase shielding. The head stage of 
the patch-clamp amplifier (A-M systems 2400) is inserted into the Faraday cage via a small hole 
in the roof of the cage and attached to the inside. Silver / silver chloride (Ag / AgCl) electrodes 
are then added to the top and bottom electrolyte chamber and connected to the head stage 
before the Faraday cage is closed and grounded. 
   Overall this experimental set-up has a several key features which enable successful 
experiments. 
a) The nanopore is the only liquid-liquid junction between the two electrolyte chambers. 
b) The electrolyte chambers are electrically insulating: PTFE and PEEK have dielectric 
constants of 2.1 and 3.3 respectively. 
c) The nanopore is accessible by the 0.28 mm working distance, 1.2 NA 60? water 
immersion objective (UPLSAPO 60W, UIS2, Olympus). 
d) Precise adjustment of focus and sample position is provided by both the motorized 
stage (minimum step size: 10 nm) and z-mount (step size: 1 µm). 
2.2.1.2 Silver / Silver Chloride Electrodes 
   Silver / silver chloride (Ag / AgCl) electrodes were used in all experiments. This choice is 
typical within the nanopore community as Ag / AgCl electrodes are inexpensive and simple to 
fabricate. Furthermore, Ag / AgCl electrodes are nonpolarizable meaning Faradaic current may 
flow at any applied potential and the only constraint on current flow, within the typical ±1 V bias 
window, is solution and nanopore resistance.21,22 The use of Ag / AgCl electrodes requires 
chloride ions in solution. A potassium chloride electrolyte was chosen as chloride and potassium 
ions electrophoretic mobilities are similar in magnitude.23  
  
Figure 2.15 A schematic illustrating the electrochemical reactions responsible for current flow within a nanopore 
experiment. 
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   Figure 2.15 illustrates an electrochemical cell composed of two chambers separated via a 
membrane with a single nanopore. Each chamber contains an Ag / AgCl electrode. Upon 
application of a transmembrane potential, oxidation of Ag occurs at the anode generating AgCl 
and an electron, which subsequently flows to the cathode via the measurement electronics 
(equation 2.11). The reverse reaction occurs at the cathode: Ag+ is reduced using an electron 
from the electronic circuit and Cl- generated (equation 2.12). The charge imbalance between the 
two electrodes induces ionic current flow through the nanopore as potassium ions migrate 
towards the negatively charged cathode and chloride ion migrate towards the positively charged 
anode.21,24 
 ????? ? ??????? ?? ???????? ? ?? 2.11 
 ??????? ? ?? ?? ????? ? ??????? ? 2.12 
 
   Ag / AgCl electrodes were  fabricated as follows. Silver wire (diameter: 250 µm) was immersed 
in HNO3 (4 M) for 10 seconds to remove oxide from the surface and then washed in de-ionized 
water. The silver wire and an additional platinum wire were then immersed into 2M HCl 
electrolyte and connected to a potentiostat (Gamry Reference 600, Warminster, USA). The 
platinum wire was used as the counter/reference electrode and silver wire as a working 
electrode. Application of 1 mA for 5 minutes resulted in deposition of AgCl on the silver electrode 
(equation 2.13) and reduction of H+ at the platinum electrode (equation 2.14).   
 ????? ? ??????? ? ??????? ? ?? 2.13 
 ??????? ? ??? ? ????? 2.14 
2.3 Synchronizing Data Acquisition 
  
Figure 2.16 A schematic of the parts of the experimental set-up which enable synchronized optical and electrical 
data acquisition. When electrical data acquisition is initiated a TTL pulse is generated by the electrical data 
acquisition (DAQ) card (NI USB 6259) which subsequently triggers optical acquisition using the Labview program 
via the optical DAQ card (NI 6602). 
   Synchronized data acquisition using the patch clamp amplifier and APDs was enabled through 
the use of hardware; a custom LabView program for recording optical data and Strathclyde 
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electrophysiology software (WinWCP V4 8.4) for recording electrical data. Figure 2.16 contains a 
schematic of the experimental set-up. When electrical data acquisition is initiated, a TTL pulse is 
generated by the electrical data acquisition (DAQ) card (NI USB 6259) which subsequently 
triggers optical acquisition using the Labview program and the optical DAQ card (NI 6602).  
   Synchronization was verified by illuminating a ~14 nm diameter nanopore (conductance: 9.1 
nS) in finite intervals with 488 nm wavelength light and correlating increases in background 
fluorescence, from the pore surface, with increases in pore conductance. Interval illumination 
was achieved using an optical beam shutter (Thorlabs, SHO5). Photo-induced increases of pore 
conductance are a result of increases in pore surface charge.25 The mechanism at work will be 
discussed in more detail in chapter 4. Figure 2.17A shows an ionic current and photon trace (???
640 - 800 nm) at -200 mV bias and ~1.87 mW laser power collected with a 0.1 M KCl electrolyte. 
Pulses in both ionic current and photon counts correspond to the optical beam shutter being 
opened. 
   Figure 2.17B shows the typical electrical and optical pulse shape when opening the optical 
beam shutter. The average rise-time, defined here as the time for a signal to change from 10% to 
90% of the mean step height, was 0.26 ± 0.06 ms and 0.43 ± 0.06 ms for the optical and 
electronic signals respectively. The rise-time of the optical signal is a consequence of the 
opening time of the optical beam shutter. Thorlabs quote an opening time of 0.4 ms, which is 
close to the observed rise-time (0.26 ± 0.06 ms). The greater rise-time for the electrical signal is 
likely to be a result of the longer timescale required for the surface charge to reach a steady-
state. Indeed, the rise-time increased when the pore and laser were poorly aligned, which 
indicates this process is not instantaneous at lower effective laser intensity. The increase in the 
rise-time of the electrical signal caused by low pass filtering the signal is negligible. The original 
signal rise-time (?? was estimated as 0.43 ms using equation 2.15, as the rise-time of the 4-pole 
low pass Bessel filter (?f)  is ~33 µs when filtering at 10 kHz.26,27 
 
? ? ???? ? ??? 
2.15 
Where, ?s is the filter rise-?? ????f  is the signal rise-?? ??????? is the rise of the signal after low pass filtering. 
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Figure 2.17 (A) Ionic current and (B) photon trace (??????- 800 nm) at -200 mV bias and ~1.87 mW laser power  
collected with a ~14 nm diameter nanopore (conductance: 9.1 nS)  and a 0.1 M KCl electrolyte. Data within the 
optical channel corresponds to photon counts per 10 µs. (C) Typical electrical and (D) optical pulse shape. Data 
within the optical channel has been re-binned at 20µs resolution. 
  
      Cross-correlation, for a total of 14 pulses, indicated that the electronic signal lagged behind 
the optical signal by 0.18 ± 0.02 ms. This lag is close to the difference in rise-time of the two 
signals (0.17 ± 0.08 ms) indicating that the two signals are indeed synchronized. Figure 2.18 
shows cross-correlation of the data shown in Figure 2.17A and Figure 2.17B. 
  
Figure 2.18 Cross-correlation of the data shown in Figure 2.17A and Figure 2.17B. The electronic signal lagged 
behind the optical signal by 0.18 ± 0.02 ms. 
2.4 Data Analysis 
   A transient burst of fluorescence is observed if a fluorescent molecule diffuses across the 
confocal detection volume. Similarly, an ionic current perturbation is observed when a molecule 
is electrophoretically driven through a nanopore. Figure 2.19 shows typical photon and ionic 
current traces demonstrating single molecule detection via both mechanisms.  
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Figure 2. 19 (A) Ionic current trace for electrical 5 kb dsDNA translocation detection at 100 mV using a ~19 nm 
diameter pore (conductance: 49.6 nS)  and 1M KCl electrolyte. (B) Photon trace (1 ms resolution, wavelength: 
500-580 nm) for a ~175 pM streptavidin- Alexa Fluor® 488 solution in de-ionized water at ~1.87 mW laser power. 
   Quantitative analysis of these transient perturbations of the electrical and optical signals was 
conducted using a MATLAB script written by Dr Joshua Edel. This script enabled selection of 
peaks above a threshold current/ photon count, which was typically equal to or greater than 5 
times the variance of the background signal. The amplitude, duration and area of each event are 
then recorded in addition to the elapsed time between consecutive events. The only distinction 
between the treatment of optical and electrical data is the baseline correction of electrical data to 
account for fluctuations in open pore conductance. This step was not necessary when analysing 
optical data. The principle steps of peak selection for electrical data are described below. Step a) 
is omitted when analysing optical data. 
a) Baseline correction of the measured ionic current trace using an asymmetric least 
squares smoothing algorithm (see Figure 2.20A).28 
b) A histogram of the baseline-adjusted ionic current trace is constructed and the region 
corresponding to the open pore ionic current fit with the Poisson probability distribution 
function (see Figure 2.20C). 
c) Two thresholds are extracted from this fit. Threshold 1 is some factor, usually equal to or 
greater than 5, times the variance. Threshold 2 is some factor, typically 1.5, times the 
variance.  
d) Events with peak amplitude above threshold 1 are selected. The start and end of an 
event correspond to the first and last data points above threshold 2 respectively (see 
Figure 2.20B). 
e) The event area is calculated for both ionic current and photon traces. For ionic current 
traces, this corresponds to the total charge deficit whilst a molecule passes through the 
pore and is provided by expression 2.16.29 For photon traces, this corresponds to the 
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total number of photons detected per burst and is provided by expression 2.17. The 
values for both are estimated for each event by multiplying the peak height and duration. 
 
??? ? ? ?????
??
??
 
2.16 
 
? ? ? ?????
??
??
 
2.17 
Where ECD is the event charge deficit; t1 and t2 are the start and end of the translocation event respectively; ??????
the difference in current relative to the open-?????????????????????????????- IOpen) at time t; P is the total number of 
?????????????????????????????????????the burst amplitude at time t.  
  
Figure 2.20 The event detection procedure, illustrated using a ~19 nm diameter pore (conductance: 49.6 nS), a 
1M KCl electrolyte and 5 kb dsDNA. (A) Baseline correction of raw ionic current trace at -100 mV bias using an 
asymmetric least squares smoothing algorithm as indicated by the red line. (B) Peak selection for the baseline-
adjusted ionic current trace at -100 mV bias. Events above threshold 1 (red dashed line) are detected. The start 
and end of an event correspond to the first and last data points above threshold 2 (green dashed line) 
respectively.  (C) A histogram of the baseline-adjusted ionic current trace at -100 mV bias (constructed from a ~ 
62 s acquisition).  The open pore ionic current is fit with the Poisson probability distribution function (green line). 
Threshold 1 (red dashed line) is equal to 5 times the variance of the background signal (0.097 nA). 
2.5 Conclusion  
   In this chapter the core instrumentation for synchronizing optical and electronic detection of 
biomolecules was presented. This included discussion of the key components of the confocal 
microscope and nanopore sensing set-up as well as the hardware used for synchronizing optical 
and electrical data acquisition. The protocol used for analysing the bursts of fluorescence and 
resistive pulses associated with optical and electronic detection of a biomolecule was also 
presented.  
   Two key characterisation steps are described. Firstly, the size of the confocal detection volume 
is estimated and is shown to be sufficient for single-molecule detection. Secondly, the lag 
between optical and electrical data acquisition is characterised and synchronization confirmed. 
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Synopsis: The fabrication of a solid-state nanopore requires a free-standing membrane, which is 
typically fabricated on a chip based support platform.  This chapter introduces the design and 
fabrication methods for the support platforms used in this project as well as nanopore fabrication 
via focused ion beam milling. Preliminary investigations into surface functionalization using 
surface-initiated atom transfer radical polymerisation are also described.  
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3.1 Choice of Platform Design 
      The fabrication of a solid-state nanopore requires a support platform containing a free-standing 
membrane. As discussed in Chapter 1 (section 1.2.2), silicon nitride is the most common 
membrane material due to advantageous properties such as high resistivity, thermal stability and 
mechanical strength. The most commonly used support material is silicon due to well established 
semiconductor processing techniques enabling wafer scale production of devices (between 200 
and 500 devices per 10 cm wafer). Figure 3.1A shows a basic silicon substrate based silicon 
nitride (Si-SiNx) platform. A device with a similar design was fabricated. 
   In collaboration with Dr Ki-?????? ??? ?????????????? at Seoul National University, a unique 
pyrex substrate based silicon nitride (Py-SiNx) platform was also fabricated (Figure 3.1B). This 
work was motivated by a reduction in ionic current noise with and without laser illumination 
compared to Si-SiNx platforms. The advantages of a pyrex substrate will be discussed in more 
detail in chapter 4. 
  
Figure 3.1 Schematics of (A) Si and (B) pyrex substrate based silicon nitride nanopore platforms. 
3.2 Silicon Substrate based Nanopore Platform: Design & Fabrication  
   Figure 3.2 shows a schematic of the Si-SiNx nanopore platform fabricated. Inspired by the work 
of Wanunu et al,1 a 2 µm × 2 µm area of the free standing SiNx membrane was locally thinned 
using reactive ion etching prior to nanopore fabrication. The purpose of this extra step was to 
reduce pore length, thereby increasing analyte confinement and signal amplitude without 
sacrificing the stability and lower capacitance of a thicker membrane.2 In contrast to Wanunu et 
al, as an e-beam writing system was not available, photolithography instead of e beam 
lithography was used to define the region of the membrane to be etched. 
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Figure 3.2 (A) A schematic of the Si-SiNx nanopore platforms fabricated. (B) Schematic of a locally thinned free 
standing SiNx membrane containing a nanopore. 
   Nanopore devices were fabricated from Si wafers (<100> crystal orientation, p doped, 1-?????
cm-1) coated with 50-100 nm thick low stress SiNx. These wafers were prepared by the 
Nanofabrication Centre at the University of Minnesota, USA. A ???wafer yielded 175 devices; 
each measuring 5 mm ? 5 mm. Figure 3.3 illustrates the principal fabrication steps: 
photolithography, reactive ion etching (RIE) and a KOH wet etch. These steps will be described 
in detail in the following sections. It should be noted that although all techniques were learnt and 
conducted at least once (with the exception of the topside mask alignment procedure described 
in section 3.2.1.1), limited access to the clean room facility necessitated collaboration between 
several group members. Thus, Dr Thomas Gibb and Dr Fatma Dogan were responsible for 
photolithography and wet KOH etching, whilst I conducted reactive ion etching. 
 
Figure 3.3 Principle fabrication steps for the Si-SiNx nanopore platform shown in Figure 3.2A.  All steps are 
carried out on (i) Si wafers (<100> crystal orientation, p doped, 1-???????-1) coated with 50-100 nm thick low 
stress SiNx. Consecutive photolithography and reactive ion etching (RIE) steps expose a 430?430 µm and 2?2 
µm region in the (ii) backside and (iii) topside of the devices respectively. (iv) A KOH wet etch establishes a 
20?20 µm free standing SiNx membrane. 
3.2.1 Photolithography and Reactive Ion Etching  
   Photolithography and reactive ion etching are crucial to the fabrication of the desired nanopore 
platforms. Both the topside and backside of the wafer are patterned using these two techniques. 
Figure 3.4 illustrates the most important steps: i) spin coating of a photoresist; ii) pattern 
development and iii) reactive ion etching. A brief introduction to photolithography (steps i and ii) 
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and reactive ion etching (step iii) will be provided below, followed by discussion of the 
experimental conditions and design considerations. 
  
Figure 3.4 Schematic of the principle steps of photolithography and reactive ion etching: (i) spin coating of a 
photoresist, (iii) pattern development and (iii) reactive ion etching. These steps are conducted on both the (A) 
backside and (B) topside of the wafer. 
3.2.1.1 Photolithography  
   This involves spin coating of a photoresist onto a substrate and subsequent exposure of 
specific regions to ultraviolet (UV) light using a photomask as a template. After exposure of a 
????????????????????????????????????????????????????????????????????????t (whilst exposed regions of 
?? ??????????? ???????????? ??????? ???????????? ????? ?????????? ???????? ??????????? ??? ?? ??????????
photoresist and therefore exposure of specific regions of the wafer in downstream processes (i.e. 
reactive ion etching).3 
   Two separate photomasks were required for the topside and backside of the wafer. UV 
exposure was conducted using a Quintel Q4000-6 mask aligner (wavelength: 365 nm, exposure 
energy: 70 mJ / cm2) in contact mode. ??????????????????????????????????????????????????
each with a ~4????????????????????????? x exposed in the centre. The design of the topside 
?????????????????????????????????????? x in the centre of each chip.  Alignment of the topside 
and backside mask is enabled by alignment marks on the left- and right-hand side of both masks, 
3.7 cm from the centre. Thus, upon first conducting reactive ion etching (Figure 3.3A, step iii), 
alignment marks are etched into the backside of the wafer. The mask aligner was then used to 
align the topside photomask with these alignment marks via infra-red illumination. Alignment 
marks were designed by Dr Joshua Edel and incorporated into the templates designed by Dr. 
Fatma Dogan. The alignment procedure was conducted by Dr. Fatma Dogan. Figure 3.5 shows 
images of the alignment mark design; the smallest feature is 5 µm ? 15 µm. 
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Figure 3.5 Schematic of the topside (black) and backside (blue) mask alignment marks once aligned. Scale bar: 
200 µm. 
3.2.1.2 Reactive Ion Etching  
 
Figure 3.6 Schematic of a typical reactive ion etching set-up. Figure adapted from reference 3 and 4. 
   RIE is a dry etching technique where chemically reactive plasma (partially ionized gas) is used 
to etch a substrate. Figure 3.6 shows an illustration of a parallel plate RIE set-up.3,4 The plasma 
is generated by applying an oscillating electric field (radio frequency: 13.56 MHz5,6) to a gas 
under low pressure. SiNx is often etched using gases containing fluorine.5,7 For our experiments, 
tetrafluroromethane (CF4) was selected to etch the windows of SiNx defined by photolithography. 
A number of reactive species within the CF4 plasma are generated upon impact with electrons 
within the plasma; these include CF3+ ions and fluorine radicals via reaction 3.1.8 
  ??? ? ?? ? ???? ? ? ? ??? 3.1 
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   The gradual accumulation of charge on the lower electrode due to impinging electrons, results 
in an induced bias voltage.4 As a result, positively charged ions are delivered to the wafer platter 
vertically and material can be sputtered anistropically.9 Furthermore, fluorine radicals diffuse to 
the surface, adsorb and react isotropically with exposed silicon nitride to form gaseous silicon 
tetrafluoride (SiF4) via reaction 3.2.5,9,10 
 ????? ? ??? ? ???? ? ??? 3.2 
        Surface adsorption of CF3 radicals can result in the formation of polymeric films ([CF2]n) 
which inhibit chemical etching on both horizontal and vertical surfaces. However, deposition is 
restricted on horizontal surfaces due to sputtering and thus the anisotropy of the etch is 
enhanced.9  
 
    Conditions: RIE was conducted using a parallel plate instrument at the University of Surrey. 
Prior to use, a 30 minute cleaning step (conditions: 50 SCCM O2, 60 mT pressure, 100 W RF 
power) was conducted to prevent contamination from previous users (e.g. residual [CF2]n 
polymers).5 The backside of the wafer was etched using a 60 SCCM flow rate of CF4 at 100 W 
RF power and 60 mT pressure. Under these conditions an etch rate of ~53.3 nm min-1 was 
measured. 
   For local thinning of the topside of the wafer, the conditions were altered in order to reduce the 
etch rate.  A 10 SCCM flow rate of CF4 and 50 SCCM flow rate of argon were selected as 
lowering the flow rate of CF4 and adding Ar to the plasma reduces the concentration of reactive 
fluorine species. 11?13 Both the RF power and pressure were also adjusted to lower the induced 
bias and therefore sputtering. Firstly, a lower RF power (25 or 35 W) was selected as this lowers 
the charge density within the plasma. Secondly, the pressure was increased to 100 mT, this 
increases plasma density and therefore particle collisions, which lowers both ion and electron 
energy.12,14 
   Prior to local membrane thinning, calibration of the etch rate was necessary to ensure 
membranes were not fractured by etching for too long. Thus, the etch rate of featureless 10 mm 
? 10 mm chips of the wafer was determined by measuring the thickness of SiNx before and after 
etching using an ellipsometer (MM-16 Spectroscopic Elliposometer, Horiba). Figure 3.7 shows 
graphs of the etch depth and rate for different etch durations. This data was collected with Dr 
Fatma Dogan. This analysis provided an average etch rate of 13.7 ± 0.6 nm min-1and 9.5 ± 0.3 
nm min-1 at 35 W (induced bias: 49 ± 1 V, measured power: 24 ± 2 W) and 25 W RF power 
(induced bias: 39 ± 2 V, measured power: 15 ± 1 W), respectively. It should be noted that this 
approach has limitations. The etch rate depends on both the total area of SiNx exposed and 
feature size and therefore will not be the same for a patterned wafer.5 Unfortunately, calibration 
with test wafers was not possible as just an ellipsometer (with a spot size of 1 ? 3 mm) was 
present in the clean room for characterisation. Furthermore, the etch rate varied from day-to-day 
thwarting attempts to characterise etch rate outside the clean room using an atomic force 
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microscope.  We believe this was due to instrumental issues. The power gauge frequently 
indicated a significant offset to that selected and precision varied from session-to-session. The 
charge density within the plasma is proportional to the RF power and thus this instability will 
affect the induced bias, plasma composition and consequently the etch rate.4,14  
  
Figure 3.7 Reactive ion etch rate calibration using featureless ~10 mm ? 10 mm chips of the wafer. (A) Etch 
????????????????????????????????? ???????????????? ???????????????(???????????????????????????????????????? ?????
???????????????????????????All data collected using 10 SCCM CF4, 50 SCCM Ar and 100 mT pressure. This 
data was collected with Dr Fatma Dogan. 
   For this session, a nominal RF power of 35 W (measured: 24 ± 2 W) was selected for wafer 
processing as it provided the greatest reproducibility (R2 is 0.995 for the linear fit within Figure 
3.7A). For the wafer processed, the initial SiNx membrane thickness was 71.9 ± 2.7 nm and a ~5 
??????????????????SiNx in the centre of each chip was etched for 5.5 minutes. The etch depth 
was measured for 3 platforms using an atomic force microscope (AFM: Agilent 5500 AFM/SPM 
???????????????????? ??????????? ? ????? ?????? ????????? ???? ?????? ??? ???? via tapping mode. The 
average etch depth was 47.1 ± 4.5 nm, giving an average membrane thickness of 24.8 ± 5.2 nm. 
This corresponds to an average etch rate of 8.6 ± 0.8 nm min-1; a reduction of ~37.2% with 
respect to the calibration at 24 ± 2 W RF power (13.7 ± 0.6 nm min-1). This is due to an increase 
in the total area of SiNx exposed.5 Figure 3.8 shows a typical topographical image of a 
membrane and a line scan through the centre of the locally thinned region, indicating an etch 
depth of 48.4 ± 6.4 nm. Interestingly the feature shape was approximately circular (diameter: ~5 
µm) despite the mask defining a 5 µm ? 5 µm shape. Corner rounding is a consequence of the 
diffraction of light between the mask and photoresist.15 AFM imaging also showed no damage to 
the bulk of the SiNx membrane, indicating the photoresist was not removed during RIE. 
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Figure 3.8 AFM characterization of platforms thinned using a photomask containing a 5 µm ? 5 µm window. Etch 
conditions were 10 SCCM CF4; 50 SCCM Ar and ~24 ± 2 W RF power, a 49 ± 1 V induced bias was measured. 
(A) A topographical image of the locally thinned region collected via tapping mode (scale bar: 5 µm). The AFM 
image was collected by Dr Fatma Dogan.  (B) A line scan through the centre of the locally thinned region. 
   Due to an increase in membrane stability, devices used in this project were fabricated using a 
photomask which defined a 2 µm ?   2 µm locally thinned region. Figure 3.9 shows a 
topographical AFM image of such a device (etch conditions: 10 SCCM CF4, 50 SCCM Ar, ~25 W 
RF power, ~40 V induced bias, 8 minute duration). An approximately circular locally thinned 
region is again provided due to diffraction induced corner rounding. An average etch depth of 
39.2 ± 3.5 nm was observed. This corresponds to an etch rate of 4.9 ± 0.4 nm min-1. The surface 
roughness was quantified by fitting a Gaussian probability distribution function to a histogram of 
feature height for a 1 µm ?   1 µm area at the centre of the etched region. The values for 3 
devices are shown in Table 3.1. The average standard deviation of the surface height is only 2.4 
± 0.2 nm. 
Chip Etch Depth / nm Surface Roughness / nm 
1 35.2 ± 2.6 2.3 
2 40.7 ± 2.9 2.2 
3 41.6 ± 3.6 2.6 
Table 3.1 The etch depth and surface roughness for platforms thinned using a photomask containing a 2 µm ? 2 
µm window. Etch conditions were 10 SCCM CF4; 50 SCCM Ar and ~25 W RF power, a ~40 V induced bias was 
measured. 
 
Figure 3.9 AFM characterization of platforms thinned using a photomask containing a 2 µm ? 2 µm window. The 
etch conditions were 10 SCCM CF4; 50 SCCM Ar and ~25 W RF power, a ~40 V induced bias was measured. 
(A) A topographical image of the locally thinned region collected using tapping mode (scale bar: 1 µm).  (B) A 
histogram of feature height for a 1 µm ? 1 µm area at the centre of the etched region, fit with a Gaussian 
probability distribution function. The inset shows a line scan through the centre of the locally thinned region. 
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   Membranes as thin as ~25 nm were fabricated using the above procedure. Unfortunately, due 
to the offset in etch rate between the featureless 10 mm x 10 mm chips used for calibration and a 
patterned wafer, it was difficult to fabricate sub-20 nm thick membranes. Nonetheless, uniform 
etches for depths up to ~50 nm, resulting in smooth membrane surfaces, were demonstrated. In 
the absence of RIE instrumental issues the precision of the technique could foreseeably be 
improved by calibrating using a test-wafer and ultra-thin smooth membranes fabricated.  
3.2.2 KOH Wet Etching 
  
Figure 3.10 Schematic illustrating the final step of platform fabrication: a KOH wet etch to establish the free 
standing SiNx membrane. 
   A KOH wet etch (7.6M KOH, 80 ?C) was used to establish the free standing SiNx membrane 
due to the durability of SiNx within KOH.16 Nonetheless, wafers were mounted in a KOH 
resistance polyether ether ketone (PEEK) case to protect the topside of the wafer during etching. 
Silicon is etched via the following reaction.3 
 ?? ? ???? ? ???? ? ??????????? ? ??? 3.3 
 
   The pyramidal structure is a consequence of the etch rate being around 400 times higher for 
the <111> crystal plane than for the <100> plane and the 54.74° angle between these two 
planes.16 The width of the free standing membrane can be determined, from the etch depth (Z) 
and width of window within the backside of the devices (W2), using equation 3.4. For a ~430 µm 
width window, this equation provides a free standing membrane with a width of ~20 µm. Figure 
3.11 shows a schematic indicating the key terms within equation 3.4 and the <100> and <111> 
crystal plane orientations. For this design, etch rates of ~1.2 µm min-1 were recorded using a 
7.6M KOH solution at 80 ?C (under constant stirring). 
 ?? ? ?? ? ??
?
???????????? 
3.4 
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Where, W2 is the width of the free standing membrane; Z is the etch depth and W1 is the backside window width. 
  
Figure 3.11 Schematic of a Si-SiNx platform with the key terms within equation 3.4 indicated. Where, W2 is the 
width of the free standing membrane; Z is the etch depth and W1 is the backside window width. 
   Once the free-standing membrane was established, nanopores were milled using focused ion 
beam milling. This technique will be introduced in section 3.4.  
3.3 Pyrex Substrate based Nanopore Platform: Design & Fabrication 
   A unique pyrex based silicon nitride (Py-SiNx) nanopore platform was also fabricated. Figure 
3.12 shows a schematic of the platform. These devices were designed and fabricated by Dr Ki-
?????? ??? ???????????????????????????????????????????? The platform design has a number of 
advantages. Firstly, the bulk pyrex substrate provides a reduction in ionic current noise 
compared to the Si-SiNx platforms fabricated (see chapter 4 for more details). Secondly, the 
small area of the free-standing SiNx membrane enables the use of ultra-thin SiNx membranes 
down to 5 nm in thickness, which negates the use of an additional local membrane thinning 
step.17 For closer comparison with Si-SiNx platforms, Py-SiNx devices with 20 nm thick SiNx 
membranes were used in this project (see chapter 4).  
  
Figure 3.12 Schematic of the Py-SiNx nanopore platform. Total device area is 10 mm x 10 mm. 
   The following procedure, illustrated in Figure 3.13, was used by Hyung-Jun Kim at Seoul 
National University to fabricate Py-SiNx nanopore platforms.  
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i) A 200 nm thick layer of a-Si is deposited via low pressure chemical vapour deposition 
(SiH4 gas flow at 250 mTorr, 60 SCCM and 550°C) onto a 200 µm thick pyrex 
substrate. 
ii) Photolithography and reactive ion etching (using SF6) is used to define a 5 µm x 5 µm 
(or 2 µm x 2 µm) opening in a-Si on the topside of the wafer. 
iii) A HF wet etch (49 wt. %, 5 minutes) of the exposed pyrex is conducted. For 
mechanical stability and protection, dicing tape is applied to the bottom side of the 
wafer. 
iv) Photolithography and reactive ion etching (using SF6) is used to define a 100 µm ? 
100 µm opening in a-Si on the bottom side of the wafer. 
v) A HF wet etch (49 wt. %) of the exposed pyrex joins the previously etched chamber. 
As in step (iii), dicing tape is applied to the top side of the wafer. The wafer may now 
be separated into 10 ? 10 mm chips.  
vi) Addition of the SiNx membrane, prepared via the below steps, to the topside of chips. 
a. A PMMA/SiNx/Ni/Si structure is prepared by plasma-enhanced chemical vapour 
deposition of SiNx onto a Ni/Si platform, followed by spin coating of Poly(methyl 
methacrylate) (PMMA, 200 nm thick). 
b. After addition to a FeCl3 solution, a PMMA/SiNx membrane is established due to 
Ni dissolution. 
c. The PMMA/SiNx is added to the topside of the platform and PMMA dissolved 
with acetone. 
vii) A 10-20 µm layer of photo-definable PDMS is deposited via the protocol used by 
Jothimuthu et al.18 This secures the SiNx membrane to the chip. 
  
Figure 3.13 Schematic of the principle fabrication steps for Py-SiNx nanopore platforms. (i) Low pressure 
chemical vapour deposition of a-Si (200 nm thick). (ii) Photolithography and reactive ion etching defines a 5 µm ? 
5 µm window within a-Si on the topside of the wafer. (iii) HF wet etch (49 wt. %, 5 minutes). (iv) Photolithography 
and reactive ion etching defines a 100 µm ? 100 µm window within a-Si on the backside of the wafer. (v) HF wet 
etch (49 wt. %, 5 minutes).  (vi) Transfer of SiNx membrane (20 nm thick) onto individual devices. (vii) Deposition 
of photo-definable PDMS (10-20 µm thick).  
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   Due to their advantageous optical properties, partially metallic nanopores were also utilised for 
optical experiments in this project. Aluminium coated SiNx membranes (~30 nm thick Al, ~20 nm 
thick SiNx) were therefore also provided by Hyung-Jun. Fabrication required only one additional 
step: deposition of Aluminium onto the topside of the Py-SiNx platform via e- beam evaporation, 
before deposition of PDMS. More details on the choice of design and function of these ? ?-SiNx-
????platforms will be provided in chapter 5.  
   Hyung-Jun milled nanopores into both Py-SiNx and Py-SiNx-Al platforms using a JEOL 2010F 
transmission electron microscope (TEM). Figure 3.14 contains optical images of both platforms 
and corresponding TEM images of a typical nanopore. 
  
Figure 3.14 (A) Optical image of a Py-SiNx platform (scale bar: 10 µm). The large circular feature (diameter: ~19 
µm) corresponds to the opening within the topside of the pyrex substrate and the small circular feature (diameter: 
~2.1 µm) to the free standing SiNx membrane.  (B) TEM image of a ~7 nm diameter nanopore within a Py-SiNx 
platform (scale bar: 10 nm). (C) Differential interference contrast (DIC) image of a Py-SiNx?Al platform (scale bar: 
3.8 µm). The red circle indicates the free standing membrane. (D) TEM image of a ~9 nm diameter nanopore 
within a Py-SiNx?Al platform (scale bar: 5 nm). All TEM images taken by Hyung-Jun Kim. 
3.4 Nanopore Fabrication 
   Once a free-standing membrane is established, nanopores may be fabricated using focused 
ion beam milling. As discussed in Chapter 1 (section 1.2.2), this technique is based upon the 
sputtering of material from a membrane by a beam of ions, which are most commonly Ga+, Ne+, 
Ar+, He+, Kr+ or Ke+ ions.19 The Leo Cross Beam 1540 XB (Carl Zeiss AG) instrument, based at 
the London Centre of Nanotechnology was used for nanopore milling. The ion source is a 
Gallium based liquid-metal ion source (LMIS). In addition to a focused ion beam (FIB) column, 
this instrument also contains a scanning electron microscope (SEM) column and gas injection 
system (GIS) (Figure 3.15). The basic principles behind the use of the FIB and SEM will be 
described in section 3.4.1 and 3.4.2, respectively. The GIS system and its use for electron beam 
induced deposition will be described in chapter 5 (section 5.1.2). 
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Figure 3.15 Image of the key components of a Leo Cross Beam 1540 XB (Carl Zeiss AG) instrument: a focused 
ion beam (FIB) column; scanning electron microscope (SEM) column; gas injection system (GIS) and sample 
holder. 
3.4.1 Focused Ion Beam: Overview 
   The gallium ion (Ga+) beam is produced by a liquid-metal-ion source (LMIS).  Briefly, upon 
application of a high magnitude electric field (> 108 V / cm) to a tungsten needle wet with gallium, 
a sharp conical gallium cone forms, which Ga+ ions are emitted from due to field ionization. 
Electrostatic lenses within the column are subsequently used to condense and focus the beam 
onto the sample. A set of intermediate apertures is used to adjust the beam diameter and 
therefore current.20,21 This apparatus provides a tightly focused ion beam, with a minimum spot 
size under ideal conditions of 8 nm for a 1 pA beam current.22  
   Upon impact with the surface, ions lose kinetic energy through both elastic and inelastic 
collisions.21 Inelastic collisions involve the loss of energy to electrons and can result in emission 
of electromagnetic radiation and ionization.21 If kinetic energy transferred to an atom or ion, via 
an elastic collision, exceeds its surface binding (Es) or bulk displacement (Ed) energy then 
sputtering may occur.21,23 A typical 30 keV Ga+ ion beam can result in the transfer of a few 
hundred electronvolts.3 As Es and Ed are normally on the order of a few electron volts (e.g. Si3N4: 
Es ~ 4.5 eV 13) a cascade of elastic collisions is triggered whereby displaced atoms eject further 
sample atoms.21 The sputtering yield, defined as the ratio of the number of atoms ejected to the 
number of incident ions, is therefore normally greater than 2.3 
   The electrons and ions emitted/ejected from a surface can provide additional information if 
detected. For instance, secondary ion mass spectroscopy (SIMS) is based upon the detection 
and characterisation of secondary ions by an attached mass spectrometer. This powerful 
technique can provide compositional maps of a sample (see section 3.5.1).  
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   Most commercial FIB instruments are capable of imaging via ???? ?????????? ??? ????-?????????
secondary electrons.21 The resolution is determined by both the ion beam spot size and the 
competition between the rate of sputtering and image acquisition.21,24 As a result the resolution is 
sample dependant but is usually on the order of 10 nm.21 As a result of this limit and the 
sputtering and Ga+ implantation associated with imaging, the adjacent SEM column was used for 
imaging samples.21 The following section will provide a short introduction into this technique.  
3.4.2 Scanning Electron Microscope: Overview 
      The Leo Cross Beam 1540 XB instrument contains a Gemini SEM column (Carl Zeiss AG). 
This is a Schottky emission gun, meaning thermionic emission from a heated cathode filament 
(e.g. Tungsten: 2500-3000K 25) is enhanced by the application of a strong electric field (108 V / 
m) to the emitter (negative bias with respect to an extractor electrode).26 This is a result of the 
??????????????????????being lowered. Subsequently electrons are accelerated by an electric field 
and focused onto the sample via a combination of electrostatic and magnetic lenses.27 A 5 keV 
electron energy was typically used, corresponding to a 2.5 nm beam spot size.  
   Upon impact of the electron beam with the sample, inelastic and elastic collisions occur within 
a tear shaped interaction volume. Backscattered electrons are a result of elastic collisions and 
have energies close to that of the incident electrons. Secondary electrons are a consequence of 
inelastic collisions and typically have energies less than 50 eV. The SEM column contains 
detectors equipped for detecting both types of electron. Secondary electron imaging mode was 
used to obtain topographical information as secondary electrons lower energy means the 
detection volume is smaller, which enhances the spatial resolution.27 
3.4.3 Nanopore Milling  
Sample Preparation: As SiNx is an insulator, conductive silver paint was used to ground the 
nanopore platforms, via the sample stage, to prevent charging. If a nonconductive sample is not 
grounded, irradiation with a Ga+ ion beam and electron beam can result in charging of the 
sample surface and reduce image contrast. For example, implantation of Ga+ ions can result in 
an excess positive surface charge. This reduces the voltage difference between the sample 
surface and secondary electron detector and therefore detection efficiency. As a result charged 
areas appear darker. The reverse effect is observed if a negative charge accumulates during 
electron beam irradiation.28   
    To prevent contamination, prior to nanopore milling, all devices were cleaned with isopropanol 
and oxygen plasma (5 minutes). 
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Milling Conditions: Milling was conducted under vacuum (~5×10-7 mbar) using a 30 keV, 1pA 
Ga+ focused ion beam at a 5 mm working distance. The sample stage is perpendicular to the FIB 
column and at an angle of 54° with respect to the adjacent SEM column. The Leo Cross Beam 
1540 XB (Carl Zeiss) instrument provides a minimum spot size of 8 nm at 1 pA beam current. 
The instrument was controlled using SmartSEM software (Carl Zeiss). This software package 
??????????? ??????????????? ???????????????????????????? ??? ??????? ????????? ????????? ???????? ??? ????
target shape, dimensions and location.  
   The choice of milling parameters is crucial to achieving the minimum pore diameter. For a 
given feature size and shape, some variation in the necessary milling duration was observed 
from session-to-session. We believe this is a result of fluctuations in FIB focus as well as SiNx 
membrane thickness and nitride density from wafer-to-wafer. To determine the appropriate 
conditions, at the start of each session arrays of pores were milled using different dose times, 
within a test device. For example, Figure 3.16 shows SEM images (5 keV) of pores milled within 
a (locally thinned) ~33 nm thick SiNx membrane for 0.5 s, 0.4 s and 0.25 s doses. In this 
instance, feature mill was used to define a circular target (diameter: 15 nm) and milling was 
conducted at 70k ? magnification (pixel size: 4 nm). Table 3.2 displays the corresponding charge 
dose, Ga+ ion dose and the total number of Ga+ ions delivered. 
  
Figure 3.16 SEM images (5 keV) of pores milled within a (locally thinned) ~33 nm thick SiNx membrane using a 
30 keV, 1pA Ga+ beam. Milling was conducted at 70k ? magnification (pixel size: 4 nm). (A) 0.5 s, 3.12 ? 106 Ga+ 
dose. (B)  0.40 s, 2.50 ? 106 Ga+ dose. (C)  0.25 s, 1.56 ? 106 Ga+ dose.  
Pore Duration / s Dose / C m-2 Ga+  Dose / Ions m-2 Ga+ Ions 
A 0.5 2829.42 1.77 ? 1022 3.12 ? 106 
B 0.4 2263.54 1.41 ? 1022 2.50 ? 106 
C 0.25 1414.71 8.83 ? 1021 1.56  ? 106 
Table 3.2 Summary of the milling conditions for the 3 pores pictured in Figure 3.16. 
    The SEM image resolution is poor due to the low secondary electron yield from SiNx. A 0.25 s 
duration dose, corresponding to delivery of 1.56 ?   106 Ga+ ions provided a ~33 nm diameter 
pore. No pore was visible for doses less than 0.25 s in duration. The presence of a pore following 
a 0.25 s dose was confirmed via cyclic voltammetry. Figure 3.17 shows current-voltage 
characteristics within a 0.1M KCl electrolyte.  
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Figure 3.17 Current?voltage characteristics for a ~43 nm diameter (conductance: 33.7nS) Si-SiNx pore within a 
0.1M KCl, 10mM Tris?HCl, 1mM EDTA (pH 7) buffer. The membrane thickness is ~33 nm. 
   By assuming cylindrical pore geometry, the pore diameter can be estimated using equation 
3.5.29 The physical foundation of this expression is described in section 1.2.3. This provides a 
diameter of ~44 nm based on the pore conductance at 0 mV (33.7 nS).29 This calculation 
assumed a bulk conductivity of 1.2 S m-1; surface charge density of 20 mC m-2 and that the 
electrophoretic mobility of K+ in the double layer is the same as that in the bulk solution (i.e. 
7.616 × 10-8 m2 V-1s-1).2,30,31 This value is only an approximation as the slight ionic current 
rectification present in Figure 3.17 suggests a non-cylindrical geometry.32  
  
 ? ? ??
?
?? ?????? ? ?
?
???
? ?
?
? ??????? 
 
3.5 
Where, d is pore diameter; L is pore length???s is solution conductivity???surf is surface charge density and ?k is 
electrophoretic mobility of potassium in the double layer. 
   For 25- 100 nm thick SiNx membranes, pore diameters of 25 - 40 nm were fabricated regularly 
using this procedure. Fabrication of pores with diameters lower than 25 nm was not achieved 
even if the target dimensions were reduced to that of the beam spot size (8 nm). This is probably 
due to the cascade of elastic collisions triggered by the impact of 30 keV Ga+ ions with the 
membrane surface and the relatively large 8 nm beam spot size. 
   As already discussed, Py-SiNx-Al platforms were also used in this project. The free standing 
membrane was composed of ~30 nm thick Al and ~20 nm thick SiNx.  Although the majority of 
nanopores were milled into these membranes via TEM by Hyung-Jun Kim at Seoul National 
University, pore fabrication via FIB was also conducted. In such cases, the same fabrication 
procedure was followed. Figure 3.18 shows SEM images of pores milled with 0.125 - 5 s doses 
and Table 3.3 shows the corresponding charge dose, Ga+ ion dose and the total number of Ga+ 
ions delivered. It should be noted that an 8 nm diameter circular target was defined in feature mill 
to minimize membrane exposure; hence the ion doses are higher than those in Table 3.2. The 
SEM image resolution is superior to bare SiNx membranes due to the presence of Al decreasing 
charging and increasing secondary electron yield.33 Similar pore diameters were achieved to that 
with bare 30-80 nm thick SiNx membranes (i.e. 25 - 40 nm diameters). For instance, a 0.25 s 
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duration mill, corresponding to delivery of 1.56 ?  106 Ga+ ions, provided a ~31.2 nm diameter 
pore (Figure 3.18C). A 0.125 s duration mill was not sufficient for pore formation as shown by the 
bowl shaped feature within Figure 3.18D.  
  
Figure 3.18 SEM images of pores milled within Py-SiNx-Al  platforms using a 30 keV, 1pA Ga+ beam. Milling 
conducted at 80k ? magnification (pixel size: 3.4 nm). (A) 5 s, 3.12 ? 107 Ga+ dose. (B)  1 s, 6.24 ? 106 Ga+ 
dose. (C)  0.25 s, 1.55 ? 106 Ga+ dose. (D) 0.125 s, 7.75 ? 105 Ga+ dose. 
Pore Duration / s Dose / C m-2 Ga+  Dose / Ions m-2 Ga+ Ions 
A 5 99472 6.21 ? 1023 3.12 ? 107 
B 1 19894 1.24 ? 1023 6.24 ? 106 
C 0.25 4930 3.08 ? 1022 1.55 ? 106 
D 0.125 2469 1.54 ? 1022 7.75 ? 105 
Table 3.3 Summary of milling conditions for the 4 pores pictured in Figure 3.18. 
3.5 Surface Functionalization via SI-ATRP 
   A recurrent problem when conducting nanopore sensing experiments is surface adsorption of 
translocating biomolecules leading to pore blockage. For this reason, preliminary investigations 
into surface functionalization with poly(ethylene glycol) (PEG) were conducted.  
   PEG was chosen as it is reported to reduce both protein and DNA surface adsorption.34,35 It is 
a linear, neutral polymer that consists of the ethylene glycol monomer shown in Figure 3.19. 
Crucially, the presence of oxygen, a hydrogen bond acceptor, within the monomer means PEG is 
hydrophilic. As a result, water molecules enter surface grafted PEG films, forming a hydrogen 
bond network.36 Surface adsorption is lowered by PEG films as it is thermodynamically 
unfavourable. Firstly, chain dehydration is necessary giving rise to an enthalpic barrier and the so 
called hydration force.36,37 Secondly, entry of a molecule into the polymer film is hindered as 
?????? ???????????? ???????? ???????? ??????????????? ???????? ???? ?????????? ???????? ?????????
????????????36,38 ??? ?????????? ?????? ???????? ??????? ????????? ??????????? ?????????????? ?????????????
with charged biomolecules.  
  
Figure 3.19 The ethylene glycol monomer. 
   Surface-initiated atom transfer radical polymerisation (SI-ATRP) was selected as the coating 
technique. ????? ???????? ???????????????? ?????????? ????????? ???? ??????????? ????????? ??? ?????????
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glycol monomers with polymer chains tethered to the surface via ???????????? ??????????? ???
polymerisation is surface-confined, polymerisation within solution is not observed and once 
satisfied, a substrate can simply be removed and monomers/catalyst separated via washing.39,40 
The popularity of SI-ATRP stems from enhanced control over monolayer thickness and density.41 
If bulk polymers are bound directly to a surface, achieving uniform and / or high densities is 
difficult due to bound polymer chains sterically hindering the diffusion of unbound polymer chains 
to the surface.39,42 Denser and therefore more robust monolayers are achievable via SI-ATRP 
due to monomers only having to diffuse to the ends of chains tethered to the surface.41,42  
   A silane initiator (3-(2-bromoisobutyramido)propyl(trimethoxy)silane) was selected as it is 
capable of binding to both aluminium and SiNx surfaces via surface hydroxyl groups.43?46 The 
reaction mechanism is indicated in Figure 3.20. Preliminary coating experiments were conducted 
on SiNx alone. The procedure for synthesising and depositing the initiator will be described in the 
next section.  
  
Figure 3.20 Hydrolytic deposition of the silane initiator (3-(2-bromoisobutyramido)propyl(trimethoxy)silane), 
where R = -CH2CH2CH2NHCOC(CH3)2Br. Steps correspond to (i) hydrolysis; (ii) condensation; (iii) hydrogen 
bonding and (iv) bond formation. Adapted from references 47 and 48. 
3.5.1 Initiator Synthesis & Deposition 
   The procedure for synthesising the necessary initiator, 3-(2-
bromoisobutyramido)propyl(trimethoxy)silane was adapted from a protocol used by Tugulu et al. 
The reaction scheme is illustrated in Figure 3.21.43  
  
Figure 3.21 Reaction scheme for synthesis of initiator; 3-(2-bromoisobutyramido)propyl(trimethoxy)silane. 
Adapted from reference 43. 
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   Anyhydrous tetrahydrofuran (THF) (30ml) was added to a round bottomed flask (RBF, 250ml) 
which had been stored at ~70°C for ~48 hours. An N2 atmosphere is necessary, thus the RBF 
was sealed and nitrogen was bubbled through the THF for ~10 minutes. Triethylamine (3.2ml) 
was then added followed by 3-aminopropyltrimethoxysilane (APTMS, 3.5ml, 20mmol). The 
reaction mixture was cooled in an ice bath for ~10 minutes before addition of 2-bromoisobutyryl 
bromide (3ml, 24 mmol) drop wise. The reaction mixture was allowed to warm to room 
temperature and left under constant stirring for 3 hours. Triethylammonium bromide is a by-
product of the reaction and was filtered off under vacuum using a 0.2-0.4 ????????????????????
The resulting solution was rotary evaporated to ~1/3 of its volume. The solution was then heated 
at ~70°C in an oil bath for ~1 hour. After this, the solution was again rotary evaporated until the 
product appeared oilier. The product was placed under continuous vacuum for ~15 hours before 
1H-NMR and 13C-NMR were recorded, using deuterated chloroform (CDCl3) as the solvent. This 
work was done in conjunction with Benjamin Miles. 
   Chemical ionization mass spectrometry, 1H-NMR and 13C-NMR all confirmed initiator synthesis. 
The spectra are shown in the appendices. For the NMR spectra, the chemical shift and peak 
types are comparable to those reported by Tugulu et al, shown below.43 
 
1H-NMR (400 MHz, CDCl3): ??????????????????????????????????????????????????????????????????????
??????????????????? 
Reported 1H-NMR (400 MHz, CDCl3): ?????????????????????????????????????????????????????????
????????????????????????????? 
13C-NMR (100 MHz, CDCl3): ?????????????????????????????????????????????????????? 
Reported 13C-NMR (100 MHz, CDCl3):  ???????????????????????????????????????????????? 
 
Note: Deuterated chloroform (CDCl3??????????????????????????????????????????within the 1H-NMR 
spectra ?????????????????????????????????within 13C-NMR spectra.49 The spectra do show some 
evidence of residual reactants and solvent within the final product. For instance, t????????????????
within the 1H-NMR is due to residual THF, whilst within the 13C-????????????????????????????????
???? ?????? ???? ???? ??? ?-bromoisobutyrylbromide and 3-aminopropyltrimethoxysilane 
respectively.49  
   The most intense peaks within the mass spectrum are at m/z: 296, 298, 328 and 330. The 
peaks at 328 and 330 correspond to the protonated initiator, shown in Figure 3.22A. The peaks 
at 296 and 298 correspond to the fragment shown in Figure 3.22B. Two peaks exist for each 
molecule as two stable bromine isotopes exist (79Br and 81Br).   
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Figure 3.22 Highest abundance species detected with mass spectrometry. (A) The protonated initiator (m/z: 328 
and 330). (B) The initiator minus a methoxy group (Me-O) (m/z: 296 and 298). 
   Prior to deposition of the initiator, all chips were treated with piranha solution (3 H2SO4: 1H2O2) 
for 30 minutes and washed with deionized water and dried. This was followed by treatment with 
oxygen plasma for 5 minutes. The goal of both procedures was to remove impurities and 
increase the concentration of surface hydroxyl groups. The initiator was deposited onto the 
surface of the SiNx membranes by immersion of nanopore platforms into a 40 mM initiator-
anhydrous tetrahydrofuran (THF) solution for 12 hours. After immersion, chips were heated on a 
hot plate at 100°C for 30 minutes.  
   The initiator coated membranes were characterised using time-of-flight secondary ion mass 
spectrometry (TOF SIMS). TOF SIMS uses a mass spectrometer for the detection of secondary 
ions sputtered from a surface by a focused ion beam. This technique was conducted by Dr. 
Sarah Fearn using the SIMS5-Qtac100 LEIS (IONTOF©) instrument based within the Department 
of Materials at Imperial College London. Several washing steps with de-ionized water were 
conducted before device characterisation to remove initiator which was not covalently bound to 
the surface. The terminal group of the initiator is a bromine atom. Thus, the presence of bromine 
within the collected mass spectra was taken as evidence of initiator deposition. Figure 3.23 
shows a compositional map of Br79 and Br81 for a 200 µm ? 200 µm area of an (A) uncoated and 
(B) coated SiNx membrane (lateral resolution: 200 nm). This data was collected using a 10 keV 
C60+ primary ion beam. The absence of bromine on the uncoated membrane and uniform 
bromine coverage on the coated membrane suggest initiator deposition was successful. As 
several washing steps were conducted before device characterisation, it is likely that the majority 
of the coating is a result of covalently bound initiator molecules.  
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Figure 3.23 A compositional map of Br79 and Br81 for a 200 µm ? 200 µm area of an (A) uncoated and (B) coated 
SiNx membrane (lateral resolution: 200 nm). The number of detected Br79/81 ions is normalised with respect to the 
total number of detected ions. This data was collected by Dr. Sarah Fearn using the SIMS5-Qtac100 LEIS 
(IONTOF©) instrument based within the Department of Materials at Imperial College London. 
3.5.2 Surface-Initiated ATRP 
   For surface-initiated ATRP, the experimental procedure reported by Tugulu et al was 
followed.43 The reaction scheme is illustrated in Figure 3.24A.  The reaction mixture consisted of 
oligo(ethylene glycol) methyl ether methacrylates (OEGMA6, 17.5 ml, 63 mmol), bipyridine (490 
mg, 3.15 mmol), CuBr (180 mg, 1.26 mmol), CuBr2(14 mg, 0.063 mmol), methanol (3.5 ml) and 
water (14 ml). This mixture was degassed via five freeze-pump-thaw cycles, before being 
transferred to nitrogen filled reaction vessels containing the initiator coated nanopore platforms. 
Polymerisation was conducted for 3 hours at 60 °C. After polymerisation, the nanopore chips 
were washed with water and ethanol to remove physisorbed polymer before drying with 
nitrogen.43,50   
   ATRP polymer chain growth occurs through repeated activation-deactivation cycles. Figure 
3.24B shows the electron transfer mechanism involved in the initiation of the polymerisation. 
Step (i) involves homolytic cleavage of the carbon-halogen bond at the terminus of the initiator 
molecule and oxidation of the copper (I) catalyst. This generates an initiator free radical (Ri?) and 
a copper (II) complex containing the halogen atom. The polymerisation begins in step (ii) when 
molecule Ri? ???????????????????????????????????? ???????????????ical polymer chain (P1?). This 
molecule may react with more monomers or a ?????????????? ???????? ?????? ??????????? ????? ??
halogen atom (P1-Br) can form via reduction of the copper (II) complex as in step (iii). 
Propagation of the polymerisation simply involves repeating steps (i) to (iii) with gradually larger 
polymer chains.39,51  
Chapter 3 
  
71  
  
  
Figure 3.24 (A) Reaction scheme for surface-initiated ATRP of poly(ethylene glycol) (PEG) on initiator coated 
nanopore platforms. Adapted from reference 43. (B) Schematic of the ATRP electron transfer mechanism. 
   SIMS confirmed the presence of a PEG monolayer. This technique was again conducted by Dr. 
Sarah Fearn using the SIMS5-Qtac100 LEIS (IONTOF©) instrument. Figure 3.25 shows a plot of 
the relative intensity of typical PEG fragments detected via secondary ion mass spectrometry for 
a SiNx membrane after a 3 hour polymerisation.52 The relative abundance is equal to the number 
of detected ions, normalised with respect to the total number of detected ions. The values 
presented are an average intensity for three 200 nm ? 200 nm regions. The absence of any of 
the fragments for an untreated SiNx membrane (inset) suggests their presence on the treated 
membrane is a result of ATRP polymerisation.    
  
Figure 3.25 A plot of the relative intensity of typical PEG fragments detected via secondary ion mass 
spectrometry for a SiNx membrane after a 3 hour polymerisation and for an uncoated SiNx membrane (inset).52 
The relative abundance is equal to the number of detected ions, normalised with respect to the total number of 
detected ions. The values presented are averages over three 200 nm ? 200 nm regions. 
   Atomic force microscopy (AFM) was used to characterise the monolayer density (AFM: Agilent 
????? ???????? ???????????? ???????? ??????????? ? ????? ?????? ????????? ???? ??????? ????? ????
conducted in air using tapping mode. Figure 3.26A shows a topographical image (pixel size: 0.96 
nm x 0.96 nm) of a SiNx membrane after a 3 hour polymerisation. The presence of brush like 
features shows the presence of a dense layer of polymer chains. As the substrate is dry, it is not 
possible to characterise the monolayer thickness accurately. Figure 3.26B shows a histogram of 
relative feature height, fit with a Gaussian probability distribution function. The average feature 
height is 34.5 ± 14.0 nm. However, as the monolayer is dry, it is likely the polymer chains are 
folded. Furthermore, as the entire membrane was coated with initiator and exposed to the 
polymerisation reaction mixture, this height may not be with respect to the SiNx membrane. For 
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future experiments, regions of the membrane will be masked during polymerisation and AFM 
conducted in water so that the monolayer thickness and polymerisation rate can be characterised 
accurately.    
   The work conducted so far demonstrates SiNx membranes can be functionalised with a dense 
PEG monolayer. To reduce pore blockage, it is crucial to coat the surface of a pore. Wilhelmina 
and co-workers have previously shown nanopore functionalization via SI-ATRP is possible.50 
Future work will therefore focus on characterising the polymerisation rate on SiNx membranes 
containing a nanopore before moving onto hybrid aluminium-SiNx membranes. As the reduction 
of protein adsorption has been reported to plateau once a PEG monolayer exceeds a thickness 
of ~ 5 nm, shorter polymerisation durations will be investigated. 39 
  
Figure 3.26 AFM characterisation of a SiNx membrane coated via a 3 hour SI-ATRP procedure. (A) 
Topographical image (pixel size: 0.96 nm) for a 981.2 nm x 981.2 nm region. (B) A corresponding histogram of 
relative feature height, fit with a Gaussian probability distribution function (mean: 34.5 nm, standard deviation: 
14.0 nm). The insets show a line scan through the centre of the topographical image along the (C) x axis and (D) 
y axis. Red dotted lines indicate the mean height (panel C:  37.5 ± 11.5 nm, panel D: 39.6 ± 15.1 nm). 
3.6 Conclusion 
   In this chapter, the fabrication procedure for both Si-SiNx and Py-SiNx platforms has been 
introduced. In addition the principles behind focused ion beam milling and the protocol used for 
establishing the optimal parameters for nanopore fabrication was described. These methods 
enabled the fabrication of platforms with nanopore diameters ranging from 25 -40 nm.   
   A recurrent problem when conducting nanopore sensing experiments is surface adsorption of 
translocating biomolecules leading to pore blockage. Preliminary investigations into surface 
functionalization with a passivating poly(ethylene glycol) (PEG) monolayer were also presented. 
The work described demonstrates SiNx membranes can be functionalised with a dense PEG 
monolayer using surface-initiated atom transfer radical polymerisation. Future work will focus on 
functionalising nanopores.  
   Py-SiNx platforms have two key advantages over Si-SiNx devices. Firstly, the small area of the 
free-standing SiNx membrane enables the use of ultra-thin SiNx membranes, down to 5 nm in 
thickness, meaning an additional local membrane thinning step is not needed.17 Secondly, the 
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bulk pyrex substrate provides a reduction in ionic current noise compared to Si-SiNx platforms 
with and without laser illumination. The following chapter will compare the ionic current noise 
exhibited by these two platforms.   
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Synopsis: In this chapter the different sources of ionic current noise and device optimisation 
strategies will be reviewed before comparison of the noise properties exhibited by the Si-SiNx 
and Py-SiNx platforms fabricated in this project. In addition, proof-of-principle single molecule 
detection experiments are presented for Py-SiNx platforms under laser illumination.  
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4.1 Sources of Ionic Current Noise 
   Resistive pulse sensing using solid-state nanopores has proved to be a useful tool for 
biophysical studies and remains a promising candidate for a next generation DNA sequencing 
platform. Unfortunately, biomedically relevant molecules such as proteins are often small which 
lowers the duration and amplitude of resistive pulses in turn reducing detection efficiency.1 
Furthermore, the high velocity of nucleic acids (typically 10-1000 nS per base2) is a major 
constraint for sequencing applications. Due to the desire to increase structural resolution and the 
range of molecules which can be studied, there is a continual drive within the nanopore 
community for low-noise high-bandwidth measurements. Careful design of nanopore sensing 
platforms and the experimental set-up is therefore essential if the signal-to-noise ratio is to be 
sufficient at high bandwidths.  
   Numerous sources of ionic current noise exist and may originate from both the nanopore 
platform and its integration with a patch clamp amplifier. The main sources are thermal noise, 
shot noise, surface protonation noise, flicker noise, dielectric noise and input capacitance noise. 
Fortunately, these have different frequency dependencies and power spectrum density (PSD) 
analysis provides a means of assessing their relative contribution to a signal. Not all these 
sources of noise are present if no external electric field is applied to a nanopore. Figure 4.1 
shows schematics of the typical PSD morphology for a nanopore under a) no applied bias and b) 
an applied bias.3 
  
Figure 4.1 Schematics of the typical power spectrum density morphology (on a log-log scale) for a nanopore 
platform under (A) no applied bias and (B) an applied bias. The principle sources of noise are indicated as 
follows: F is flicker noise; W is white noise; D is dielectric noise and I.C is input capacitance noise. For no applied 
bias, white noise is simply thermal noise. Upon application of a bias white noise is an amalgamation of thermal, 
shot and surface protonation noise. Figures adapted from reference 3.  
   It is common for PSDs to be fit with equation 4.1, so that the amplitude of each noise source 
can be determined. If no external electric field is applied, the term associated with flicker noise 
can be omitted. The root mean square (RMS) current noise can also be estimated by square 
rooting the integral of the power spectrum up to the bandwidth frequency (equation 4.2).3 
 
 ???? ?
?
?? ? ? ? ?? ? ??
??? 4.1 
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4.2 
Where, S(f) is the total current noise PSD; A is the amplitude of flicker noise; B is the amplitude of white noise 
(i.e. thermal, shot and surface protonation noise); C is the power of dielectric noise; D is the amplitude of input 
capacitance noise; IRMS is the RMS current and B is the measurement bandwidth. 
 
   A brief introduction into the physical foundation of the principal sources of noise will be 
provided next. 
4.1.1 White Noise 
   Both thermal and shot noise ???? ?????? ??? ?????? ?????? ???????? ?????? ?????? ???? ??????????
independent. Thermal noise is observed for all resistors and defines the lower limit of the ionic 
current noise at 0 mV?? ????? ??????? ?? the fluctuations in electron density induced by thermal 
motion of charge carriers within the nanopore. It is present in the absence of an applied bias and 
independent of the ionic current magnitude.3,4 Equation 4.3 provides the thermal noise PSD for a 
resistor. This equation provides a reasonable estimate of nanopore generated thermal noise and 
shows that thermal noise may be reduced by lowering the temperature or pore resistance.3,4 
 
 ???????? ? ?????????   4.3 
Where, Sthermal is the amplitude of thermal noise; kB is the Boltzmann constant; T is temperature and Gpore is pore 
conductance. 
 
   Shot noise arises once an external electric field is applied. It is caused by fluctuations in the 
ionic current due to electric charge being discrete. Its PSD is given by equation 4.4.3 
 
 ????? ? ??? 4.4 
Where, Sshot is the amplitude of shot noise; I is the average ionic current and q is the effective charge of the 
charge carrying species. 
5 
 
   An additional form of white noise, so-called surface protonation noise, is present when a bias is 
applied to nanopores with surface charge. For SiNx nanopores, this originates from the surface 
charge fluctuations associated with the presence of amphoteric silanol (Si-OH) groups on the 
pore surface. Reactions 4.5 and 4.6 show the relevant reactions.5 
 ???? ? ?? ? ???? 4.5 
 ???? ? ?? ? ?????? 4.6 
4.1.2 Flicker Noise 
   When an external electric field is applied to a nanopore, low frequency conductance 
fluctuations increase in amplitude due to flicker noise. The flicker noise PSD is characterised by 
a linear decrease in amplitude with frequency (equation 4.7).6 
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???????? ?
???
??  
4.7 
Where, Sflicker ??? ????????????????? ????????????????? ??? ???????????????????????????? ?? ??? ???? ???????????????????? ???
usually close to 1. 
 
   The amplitude of flicker noise varies greatly from pore-to-pore and a variety of sources exist. 
These include: fluctuations in bulk electrolyte mobility; fluctuations in the flux of ions through the 
pore due to nanobubbles and dynamic motion of constituents in surface functionalised pores.6?8 
Smeets et al have shown that nanopores which exhibit low amplitude flicker noise (<1 pA2 / Hz at 
????????????????????????????????? relation, which characterizes flicker noise due to fluctuations 
in bulk electrolyte mobility. For such cases, the normalised flicker noise amplitude is given by 
equation 4.8.6 
 
 ?? ? ?
?
??
 4.8 
Where, A is the normalised flicker noise amplitude; Nc ??? ???? ??????? ??? ??????? ????????? ???? ?? ??? ???? ??????
parameter. 
 
   Various strategies have been shown to reduce 1/f noise including the use of degassed buffer 
solutions, treatment of pores with piranha solution or oxygen plasma and atomic layer deposition 
of alumina. These approaches facilitate wetting of the pore and remove nanobubbles.9?11 
4.1.3 Dielectric & Input Capacitance Noise  
   Dielectric noise is caused by the passage of current across the dielectric of imperfect 
capacitors within the experimental set-up and the resulting thermal energy loss (i.e. heat 
generation).3,4 Figure 4.2 shows sources of stray capacitance within a typical Si-SiNx platform. As 
??????????????????????????????????????????????????????????????????????????????????????????????????????
to dielectric noise.4,12 The PSD for dielectric noise is given by equation 4.9.3 The term Cchip is the 
effective chip capacitance and contains contributions from both the support structure and free-
standing membrane.3 
 
 ??????????? ? ???????????? 4.9 
Where, Sdielectric is the amplitude of dielectric noise; kB is the Boltzmann constant; T is temperature; f is frequency; 
Cchip is effective chip capacitance and D is the dielectric loss constant. 
 
  
Figure 4.2 A schematic indicating the sources of capacitance in a typical silicon substrate based silicon nitride 
(Si-SiNx) platform. 
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   Input capacitance noise arises due to the coupling of voltage noise and capacitances within the 
experimental set-up and dominates at bandwidths greater than 10 kHz. Similar to dielectric 
noise, sources of capacitance include those within the nanopore platform but also parasitic 
capacitances within the external set-up (e.g. the electrode wiring, amplifier input and the 
feedback resistor within the patch-clamp amplifier2). The PSD for the input capacitance is given 
by equation 4.10.2,3 
 
 
 ?????? ? ??????? ? ?? ? ?? ? ??????? 4.10 
Where, SInput is the amplitude of input capacitance noise; vn is the equivalent voltage noise; CM is the effective 
chip capacitance; CW is the electrode wiring capacitance; CI is the amplifier input capacitance and CF is the 
amplifier feedback capacitance. 
 
   The contribution of both dielectric and input capacitance noise to the RMS current increases at 
higher bandwidths because of their dependence on frequency (? f and ? f2, respectively). As 
both sources of noise are proportional to the effective chip capacitance (i.e. SDielectric ? CChip and 
SInput ? CTotal2) a number of studies have focused on reducing sources of stray capacitance within 
a nanopore platform so that the signal bandwidth at which molecules may be detected is 
increased. Section 4.1.4 will provide an introduction into some of the strategies used. 
4.1.4 Device Optimisation  
   The desire to increase the structural resolution provided by resistive pulse sensing requires 
higher bandwidth measurements due to the fast translocation speed of molecules. Reducing 
effective chip capacitance leads to a reduction of high frequency noise. Furthermore, the 
maximum signal bandwidth is related to the effective chip capacitance via equation 4.11. 
Consequently a number of studies have focused on mitigating sources of platform capacitance. 
 
 
 ?? ?
?
???? 
4.11 
Where, fc is the cut-off frequency; R is solution resistance and C is effective chip capacitance 
 
   For the Si-SiNx nanopore platform used in this project, effective chip capacitances are typically 
on the order of a nanofarad.13 Figure 4.2 showed the capacitive regions within the support 
platform. The capacitance of a parallel plate capacitor is given by equation 4.12. This expression 
can be used as a guide to reducing sources of stray capacitance and therefore effective chip 
capacitance. For instance, equation 4.12 shows that capacitance can be reduced by using a 
thicker dielectric with a lower dielectric constant and decreasing the chip size or surface area in 
contact with the electrolyte.2,3 Both these approaches have been utilized by research groups. For 
instance, Figure 4.3A shows a schematic of a Si-SiNx platform with an additional insulating SiO2 
layer. Venta et al reported capacitances of ~50 pF when using an additional 5 µm SiO2 layer 
(500 µm thick Si, 85 nm thick SiNx).14 Furthermore, Gershow and Golovchenko reported chip 
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capacitances as low as 13 pF when using a 2 µm thick SiO2 layer and PDMS gaskets to reduce 
the membrane area in contact with the electrolyte.15 PDMS and photoresist have also been 
applied to chips.9,12,16 An advantage of these materials is that the area of chip exposed to the 
electrolyte can easily be controlled. For example, Dimitrov et al demonstrated chip capacitances 
of ~10 pF via ??????????????????????????????????????????????????????????????????-SiNx platforms and 
????????????????????????????????????????????????via photolithography.16 Through the use of 
multiple dielectric layers, Balan et al have shown that chip capacitances can be reduced as low 
as 1.5 pF (Figure 4.3B).17 
 ????? ? ????
?
? 
4.12 
Where, CChip is chip capacitance; A is the area of overlap of the two plates; D is the separation between the two 
?????????r is the dielectric constant ???????????????????????????????????????????????????o is the permittivity of space 
(8.85?10-12 F / m2). 
 
  
Figure 4.3 (A) A schematic of a Si-SiNx platform with an additional insulating SiO2 layer between the SiNx 
membrane and bulk Si substrate. (B) A schematic of the nanopore chip used by Balan and co-workers, which 
exhibits an effective capacitance of 1.5 pF. Figure adapted from reference 17.  
  
   At bandwidths above 10 kHz, input capacitance noise becomes significant.2 For the SNR to be 
acceptable at high bandwidths, it is therefore crucial that sources of capacitance within the 
experimental set-up as well as the nanopore platform are minimized. Rosenstein et al have 
recently demonstrated the advantages of reducing both sources of capacitance using an 
integrated nanopore-amplifier platform, denoted CNP (CMOS-integrated nanopore platform). 
Figure 4.4A shows a schematic of the experimental set-up.  Briefly, a custom-designed 0.2 mm2 
low-noise current amplifier is directly integrated into the fluidic cell which contains a micro 
Ag/AgCl electrode. The total input capacitance associated with this experimental set-up is only 
1.4 pF in comparison to 20 pF when using a typical Axopatch 200B patch clamp amplifier set-up. 
In addition, the nanopore platform design provided effective chip capacitances of 6-25 pF (Figure 
4.4B). Integration of these low-noise nanopore platforms and the CND set-up provides low noise 
characteristics. For example, for a 6 pF nanopore device, the RMS noise was only 24 pA at 1 
MHz bandwidth. Rosenstein et al estimated a value of 247 pA for the same nanopore platform 
using a Axopatch 200B patch clamp amplifier.2 
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Figure 4.4 (A) A schematic of the integrated nanopore-amplifier platform developed by Rosenstein and co-
workers. (B)  A schematic of the nanopore platform used by Rosenstein et al. The chip capacitance is lowered by 
the insulating SiO2 layers between the bulk Si substrate and SiNx membrane and the silicone elastomer on the 
chip surface (which reduces the area exposed to the electrolyte). Figures adapted from reference 2. 
  
   Effective chip capacitances of 10 - 370 pF and solution resistances of 0.1-1 ???????commonly 
reported using Si-SiNx platforms within an additional insulating layer and an appropriate fluidic 
cell.3,14,18 3 This gives a minimum signal bandwidth of ~400 kHz (via equation 4.11). In practice, 
the signal bandwidth is limited to 10-100 kHz by the signal-to-noise ratio (SNR). The chief 
advantage of reducing chip capacitance is therefore further reduction of high frequency dielectric 
and input capacitance noise which would increase the SNR, enabling higher bandwidth 
measurements. 
4.2 Advantages of a Pyrex Substrate 
4.2.1 Chip Capacitance 
   The effective chip capacitance of both the Si-SiNx and Py-SiNx platforms fabricated in this 
project (see chapter 3) were characterised so that differences in high frequency noise 
performance could be better understood. Cyclic voltammetry was used to estimate Si-SiNx 
effective chip capacitance. Platforms were mounted using the fluidic cell, shown in Figure 4.5A. 
Briefly, devices are sandwiched between two PDMS gaskets and two halves of a teflon cell. The 
PDMS gaskets expose a circular area (diameter: 3 mm) on each side of the chip. Both sides of 
the chip are connected via a cylindrical outlet (length: 3mm, diameter: 3mm) to a 1 ml capacity 
chamber, which electrodes are immersed into once filled with buffer. A linearly increasing 
potential (scan rate: 0.1 V s-1) was applied to devices containing no pore. The scan rate polarity 
reverses at a potential of 0.5 V. Figure 4.5B shows a plot of potential versus time. Figure 4.5C 
shows corresponding current-voltage characteristics for a locally thinned Si-SiNx platform 
(membrane thickness: 80 nm; locally thinned membrane thickness: ~30 nm) in a 1M KCl 
electrolyte. If no nanopore is present, the ionic current reaches a steady state given by equation 
4.13.19 The effective chip capacitance (8.3 nF ± 5.0 pF) was calculated using equation 4.13 and 
the ionic current at the end of each negative and positive polarity potential sweep. This 
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calculation assumes the system is equivalent to a resistor in series with the effective chip 
capacitance.19 
 ? ? ??????   4.13 
Where, I is equal to the ionic current; CChip ??????????????????????????????????????????????????????????????????????
rate. 
  
Figure 4.5 (A) Schematic of the fluidic cell used for mounting nanopore devices. Figure adapted from reference 
9. (B) The triangular wave applied to Si-SiNx platforms for the measurement of capacitance. The potential 
increases linearly at a rate of 0.1 V s-1. The scan rate reverses polarity at 0.5 V. (C) Corresponding current-
voltage characteristics for a 8.3 nF ± 5.0 pF locally thinned Si-SiNx platform (membrane thickness: 80 nm; locally 
thinned membrane thickness: 30 nm) in a 1M KCl electrolyte. 
  
      Repeating this experiment on 3 platforms provided an average effective chip capacitance of 8.7 
± 0.5 nF. The effective chip capacitance contains contributions from both the support structure 
and free-standing membrane.3 The capacitance of the free standing membrane (CMem) can be 
estimated from the membrane dimensions (area: 20 µm ? 20 µm, thickness: 80 nm) and 
dielectric constant of SiNx (~7.5) using equation 4.10. For the devices tested, equation 4.12 
yields an approximate membrane capacitance of 0.13 pF. The high chip capacitance is therefore 
associated with the support platform?? ??? ?? ??????? ??? ?????????? ???? ???????????? ??????? ??????? ???
substrate resistivity: 1-??????????efficient capacitive pathways exist across the bulk Si.3 Figure 
4.6A indicates 3 distinct capacitive regions associated with the supporting platform in addition to 
the free standing membrane capacitance.12,16 The simple electrical equivalent circuit (EEC) 
shown in Figure 4.6B can be used to model their contribution to the total chip capacitance. The 
EEC consists of two capacitive pathways associated with the support platform (CPlatform) and free 
standing membrane (CMem). As these pathways are connected in parallel, the total chip 
capacitance (CChip) is therefore given by equation 4.14. Equation 4.14 indicates that CPlatform 
accounts for 99.998% of the effective chip capacitance. 
   ??????????????????? ?????????????????????????????????????????????????????????? ??????et al 
considered the additional sources of capacitance associated with electric double layers and the 
Si depletion layer at the silicon-electrolyte interface.16 Although inclusion of these sources of 
capacitance would increase the complexity of the CPlatform term within equation 4.14, CChip would 
remain a summation of CPlatform and CMem.   
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 ????? ? ????????? ? ???? 4.14 
Where, CChip is the effective chip capacitance; CPlatform is the support platform capacitance and CMem is the free 
standing membrane capacitance. 
  
Figure 4.6 (A) A schematic indicating the capacitive regions for a Si-SiNx platform. (B) The EEC postulated by 
Kresák et al in reference 12. 
   As the support platform is the primary source of capacitance, a lower chip capacitance was 
expected for Py-SiNx platforms due to ???????? ????? ???????????? ????? ????? and low dielectric 
constant (4.6).20 Hyung-Jun Kim at Seoul National University measured the effective chip 
capacitance. Similar to the experiments conducted with Si-SiNx platforms, a 3 mm diameter 
circular region of the platform was exposed to 1 M KCl electrolyte. Measurements were 
?????????? ?????? ???? ? ???????? ??????????? ????????? ??? ???????? ?????????????????? ?????????
(MDS Analytical Tech.). This feature assumes that the nanopore is equivalent to a resistor (Rp) in 
parallel with the effective chip capacitance (CChip) and that these circuit elements are in series 
with a resistor (Rs), which characterizes solution resistance. The EEC is shown in the inset of 
Figure 4.7. The capacitance is determined by applying a 50 mV potential step and fitting the 
transient portion of the current response with equation 4.15, an exponential decay whose time 
constant is equal to product of the solution resistance (RS) and effective chip capacitance 
(CChip).19 The image below shows current-time characteristics for an 8.5 pF Py-SiNx platform 
containing a ~11 nm diameter (Rm????????????????????Hyung-Jun reported values ranging from 5 
? 10 pF. As the small circular (diameter: ~2 µm, thickness: 20 nm) free standing membrane 
provides a capacitance of approximately 1.04 ? 10-14 F (calculated via equation 4.12), the main 
source of chip capacitance remains the support platform. The low effective chip capacitance is 
therefore a direct consequence of the bulk pyrex substrate.  
 
? ?
?
??
?
??
??????? 
4.15 
Where, E is the potential step; Rs is the solution resistance; Rp is the access resistance and CChip is the effective 
chip capacitance and t is time. 
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Figure 4.7 Current-time characteristics for a ~11 nm diameter (Rp????????? Py-SiNx pore, upon application of a 
±50 mV potential step. The chip capacitance is measured as 8.5 pF. The inset shows the equivalent circuit: RS is 
the solution resistance; RPore is the pore resistance and CChip is the effective chip capacitance. 
   The above analysis shows that chip capacitances are significantly lower for the Py-SiNx 
devices than for the Si-SiNx devices tested. With the exception of the complex Si-SiNx platforms 
fabricated by Balan and co-workers (Figure 4.3B), the chip capacitances are also comparable to 
previous reports for Si-SiNx platforms containing additional insulating layers (see section 4.1.4).  
4.2.2 High Frequency Noise 
   As described in section 4.1.3, dielectric and input capacitance noise are proportional to 
capacitance (??CChip and ? CTotal2 respectively). 3 PSD analysis was conducted on the fabricated 
Si-SiNx and Py-SiNx platforms at 0 mV bias to compare the amplitude of dielectric and input 
capacitance noise. For 0 mV bias, the sources of noise are thermal noise and high frequency 
dielectric and input capacitance noise.3 Hence, PSDs were fit with equation 4.16.  
 ???? ? ? ? ?? ? ????? 4.16 
Where, S(f) is the total current noise PSD; B is the amplitude of thermal noise; C is the amplitude of dielectric 
noise and D is the amplitude of input capacitance noise. 
   PSDs were estimated using a fast-Fourier transform from 10 s duration data sets, which were 
low pass filtered at 10 kHz and digitized at 100 kHz. To rectify signal attenuation before the cut-
off frequency, the PSD was normalised by the magnitude response of a four-pole low pass 
Bessel filter for the chosen bandwidth (10 kHz) shown in Figure 4.8A.2 This was estimated using 
the analogue Bessel filter design feature in MatLab. For example, Figure 4.8B shows an overlay 
of the original PSD and normalised PSD for a ~33 nm diameter (conductance: 177.5 nS) Si-SiNx 
nanopore at 0 mV bias, collected using a 1M KCl, 10 mM Tris?HCl, 1 mM EDTA (pH 7) buffer. 
Figure 4.8C shows a fit of equation 4.16 to the normalised PSD. Table 4.1 contains the amplitude 
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of dielectric and input-capacitance noise for this nanopore and an additional ~51 nm diameter 
pore. These values are in good agreement with those reported by Tabard-Cossa et al.9 
Platform AmplitudeDielectric Noise AmplitudeInput Capacitance Noise 
1 6.9 ? 10-6 3.3 ? 10-11 
2 7.7 ? 10-6 4.4 ? 10-11 
Table 4.1 The amplitude of dielectric and input capacitance noise for two locally thinned Si-SiNx nanopores 
(membrane thickness: 80 nm; locally thinned membrane thickness: 30 nm). Platforms 1 and 2 to correspond to a 
~33 nm and ~51 nm diameter pore, respectively. Data collected using a 1M KCl, 10 mM Tris?HCl, 1 mM EDTA 
(pH 7) buffer. 
  
Figure 4.8 (A) Magnitude response of an analogue four-pole low pass Bessel filter for a 10kHz bandwidth. (B) 
PSDs for a ~33 m diameter Si-SiNx nanopore in a 1M KCl, 10 mM Tris?HCl, 1 mM EDTA (pH 7) buffer at 0mV 
bias. Overlay of original PSD (red) and the PSD normalised w.r.t the filter response (blue). (C) The red line 
indicates a fit of S(f) =  B + Cf + Df2 (where B?D are fitting parameters) to the normalised PSD.  
   The same procedure of analysis was conducted for Py-SiNx platforms. Figure 4.9 shows an 
example PSD for a ~29 nm diameter (conductance: 25.5 nS) nanopore at 0 mV bias.Table 4.2 
shows the amplitude of dielectric and input capacitance noise for three Py-SiNx nanopores. The 
average amplitude of dielectric noise (1.68 ? 10-7± 0.63? 10-7) is a factor of ~43 lower than for 
Si-SiNx platforms (1.68 ? 10-6 ± 0.57 ? 10-7). This difference is predominately due to the low Py-
SiNx chip capacitance. In addition to chip capacitance, dielectric noise is proportional to a chips 
dielectric loss constant (see equation 4.9). As pyrex has a lower dielectric loss constant (3.7 ? 
10-3) than silicon (5 ? 15 ?  10-3), the Py-SiNx chips dielectric loss constant is likely to be lower, 
which would further reduce dielectric noise.20 The average amplitude of input capacitance noise 
(2.23 ? 10-14 ± 5.77 ? 10-16) is also reduced by a factor of ~1750 compared to Si-SiNx platforms 
(3.85 ? 10-11 ± 0.78? 10-11). This is a direct consequence of the reduction in chip capacitance. 
Platform AmplitudeDielectric Noise AmplitudeInput Capacitance Noise 
1 2.0 ? 10-7 2.2 ? 10-14 
2 9.2 ? 10-8 2.2 ? 10-14 
3 2.1 ? 10-7 2.3 ? 10-14 
Table 4.2 The amplitude of dielectric and input capacitance noise for three Py-SiNx nanopores at 0 mV bias. 
Platforms 1, 2 and 3 contain a ~29 nm diameter pore (conductance: 25.5 nS); ~11 nm diameter pore 
(conductance: 6.8 nS) and ~36 nm diameter pore (conductance: 33.5 nS), respectively. Data collected using a 
??????????????????????????????????????????????????? 
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Figure 4.9 PSD for a ~29 m diameter (conductance: 25.5 nS) Py-SiNx nanopore at 0mV bias. The red lines 
indicates a fit of S(f) =  B + Cf + Df2 (where B?D are fitting parameters). Data collected using a 0.1 M KCl, 10 mM 
Tris?HCl, 1 mM EDTA (pH 7) buffer. 
   It should be noted that the Py-SiNx and Si-SiNx PSDs were collected using a 0.1 M and 1 M 
KCl electrolyte, respectively. For low ionic strengths, the capacitance associated with electric 
double layers (CEDL) at the chip surface is smaller (CEDL ? [KCl]1/2).19 The capacitance of EDLs at 
the Si-SiNx chip surface would therefore be lower for a 0.1 M KCl buffer. If the effective chip 
capacitance were consequently lowered, this would decrease high frequency noise and reduce 
the difference when compared to Py-SiNx platforms. However, this effect is not expected to be 
significant. EDL capacitors are in series with each of the sources of capacitance indicated in 
Figure 4.6 and are on the order of 102 µF cm-2 in 0.1 M KCl.19 The capacitance of the CSiN(1)/(2) 
and CSiOx regions indicated in Figure 4.6 were estimated using equation 4.12 as 83 nF cm-2 and 
1.77 µF cm-2, respectively. For the CSiOx region, this calculation assumed a ~2 nm native SiO2 
layer with a dielectric constant of ~3.9.21,22 As the total capacitance of a series of capacitors is 
given by equation 4.17, it is dominated by the lowest magnitude capacitor. Thus, the capacitors 
associated with the chip structure dominate chip capacitance. For instance, for 0.1 M KCl 
electrolyte, the total capacitance of a CSiOx capacitor (1.77 µF cm-2) in series with an EDL 
capacitor (100 µF cm-2) is 1.74 µF cm-2. Thus, although the EDL capacitance would increase in a 
1 M KCl electrolyte, the effective chip capacitance could only be marginally higher.  
 ?
??
?
?
??
?
?
??
? 4.17 
Where, CT is the total capacitance of capacitors connected in series (C1 and C2) 
In addition to lower high frequency noise, Py-SiNx platforms also exhibit improved noise levels 
under laser illumination, these properties will be described in the following section. 
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4.2.3 Photo-Induced Noise 
4.2.3.1 Photo-Induced Conductance Changes 
   Before discussion of photo-induced noise, it is important to introduce photo-induced 
conductance changes. Upon illumination of SiNx nanopores with 488 nm wavelength light, 
reversible changes in pore conductance are observed. For example, Figure 4.10 shows an ionic 
current trace for a ~8 nm diameter pore in a 0.1 M KCl, 10 mM Tris?HCl, 1mM EDTA (pH 7) 
buffer at -200 mV bias. Increases in ionic current correspond to the laser being turned on at ~596 
µW laser power.  
  
Figure 4.10 Ionic current trace at -200 mV bias, collected using a ~8 nm diameter nanopore and a 0.1 M KCl, 10 
mM Tris?HCl, 1mM EDTA (pH 7) buffer. Yellow regions correspond to illumination with ~596 µW power, 488 nm 
wavelength laser light. 
 
   Figure 4.11 shows current-voltage characteristics and corresponding conductances at 0 mV 
bias for three Py-SiNx nanopores at laser powers up to ~600 µW. A linear relationship between 
pore conductance and laser power is exhibited by all devices. Two potential sources have 
previously been reported: local heating of the electrolyte and increases in surface charge.23,24 
  
Figure 4.11 Current-voltage characteristics for a (A) ~8 nm diameter (conductance: 4.0 nS) pore (B) ~11 nm 
diameter (conductance: 6.8 nS) pore and (C) ~29 nm diameter (conductance: 25.5 nS) pore. The insets shows 
????????????????????????????????????????????????????????? All data collected using a 0.1 M KCl, 10 mM Tris?HCl, 
1mM EDTA (pH 7) buffer. 
 
   Keyser et al reported reversible changes with a 1064 nm wavelength laser due to local heating 
of the electrolyte.23 Local heating induces increases in pore conductance due to an increase of 
solution conductivity associated with a decrease in solution viscosity. Temperature changes of up 
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to 20 K per mW were reported using a similar optical set-up (1.2NA, 60 x Objective).23 However, 
the absorption coefficient of water for 488 nm wavelength light (0.0144 m-1) is substantially lower 
than for 1064 nm wavelength light (12 m-1).23,25 This suggests local heating is likely to be 
negligible.  
   Alternatively, Di Fiori et al reported a linear scaling of pore conductance with laser power due 
to photo-induced surface charge changes.24 This phenomenon was reported for SiNx 
membranes upon illumination with 532 nm wavelength light. Di Fiori and co-workers postulated 
that a net surface charge developed at the surface due to the promotion of excited electrons from 
the silicon nitride valence band to surface defect sites.24 ???? ???????????? ??????? ??? ?? ??????
??????????????????????????????????????????????????????????????????????????????????????????????
middle of the band gap. We believe this mechanism is primarily responsible for the photo-
induced changes in pore conductance. Di Fiori and co-workers report a linear dependence of the 
rate of conductance change (with laser power) on nanopore diameter, suggesting increases in 
conductance are a result of a pore surface effect (? d2 expected for a volume effect).24 Figure 
4.12 shows a plot of the pore conductance response to laser illumination for 5 Py-SiNX pores. 
The relationship is approximately linear (R2= 0.90). Pore diameters were estimated using 
equation 4.19 from the conductance at 0 mV with the laser turned off (see section 3.4.3 for fitting 
parameters). The scatter of points around the line of best fit may be a result of this procedure 
assuming cylindrical pore geometry. Some pores exhibited non-linear current-voltage 
characteristics (i.e. ionic current rectification), which indicates non-cylindrical geometry and a 
charged surface (e.g. Figure 4.11C).  
  
Figure 4.12 ?????????????????????????????????????????????????????????????????????????????????????????????????????
(R2= 0.90) suggests that photo-induced increases of pore conductance are a surface effect.   
 
   Similar to Di Fiori et al, we can approximate surface charge density as a function of laser power 
by assuming surface charge density increases linearly via equation 4.18, where the pore photo-
response describes the rate of change of surface charge density with laser power.24 This is 
based on the experimental observation that pore conductance increases linearly with laser 
power. Combining equation 4.18 and equation 4.19 (which describes a cylindrical nanopore?s 
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conductance) gives equation 4.20. This expression provides conductance as a function of a 
pore?? geometry, initial surface charge density and photo-response.  
 ????? ? ???????? ? ?? 4.18 
 ? ? ??
?
?? ?????? ? ?
?
???
? ?
?
? ??????? 
 
4.19 
 ? ? ??
?
?? ?????? ? ?
?
???
? ?
?
? ?????????? ? ?
?
? ???? 
 
4.20 
Where, d is pore diameter; L is pore length?? ?s is solution conductivity?? ?surf is surface charge density?? ?k is 
electrophoretic mobility of potassium in the double layer; ?initial is surface charge density with the laser of???????????
pore photo-response and P is laser power.  
 
   By fitting equation 4.20 to plots of pore conductance versus laser power, the photo-response of 
a pore can be estimated. To reduce the number of fitting parameters, the pore diameter was 
fixed at the value determined via equation 4.19; the pore length was fixed at 20 nm and the 
electrophoretic mobility of K+ in the double layer was assumed to be the same as that in bulk 
solution (i.e. 7.616 × 10-8 m2 V-1s-1).5,26,27 Table 4.3 contains the rate of change of pore 
conductance and corresponding photo-response for 5 pores. The average pore photo-response 
is 14.3 ± 4.1 C m-2 W-1. This gives an average increase in the surface charge density of 8.58 ± 
2.5 mC m-2 at 600 µW laser power. These values are in good agreement with those reported by 
Di Fiori et al using a similar optical set-up (1.2 NA 60 x Objective, 532 nm wavelength light). Di 
Fiori and co-workers reported photo-responses of 8 - 70 C m-2 W-1 depending on SiNx 
composition (as the defect density is known to increase as N/Si stoichiometry is reduced).24  
 
Pore G / nS d / nm ??
??? / nS mW
-1 ????C  m-­‐2  W-­‐1 
A 4.0 8 1.6 17.0 
B 6.8 11 2.7 20.1 
C 25.5 29 3.9 11.1 
D 33.5 36 4.6 10.7 
E 30.7 33 5.0 12.4 
Table 4.3 Conductance (G) at 0 mV with the laser off; pore diameter (d); rate of change of pore conductance with 
?????????????????????????????????????????????-response ????????5 Py-SiNx nanopores. 
   In section 4.3, preliminary translocation experiments are conducted with Py-SiNx platforms 
which further support the hypothesis that conductance changes are a consequence of rising 
surface charge.  
4.2.3.2 Photo-Induced Noise 
   The photo-induced increases of noise are substantially higher for Si-SiNx platforms than for Py-
SiNx platforms. So that similar sized Si-SiNx and Py-SiNx pores could be compared, additional Si 
substrate based SiNx (Si-SiNx) platforms were fabricated by Hyung-Jun Kim. These devices had 
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a 50 µm ? 50 µm free-standing SiNx membrane with the same thickness (20 nm) as Py-SiNx 
devices. Figure 4.13A shows the ionic current at 0 mV bias for Si-SiNx and Py-SiNx devices, 
containing similar sized pores (Py-SiNx conductance: 25.5 nS, Si-SiNx conductance: 25.4 nS) as 
laser power is raised to ~580 µW. The ionic current was low pass filtered at 10 kHz (and digitized 
at 100 kHz). The standard deviation of ionic current with the laser switched off is 4.02 ± 0.02 pA 
for the Py-SiNx device compared to 26.9 ± 0.9 pA for the Si-SiNx device. The level of noise 
exhibited by the Py-SiNx with the laser on is also significantly lower. For the Si-SiNx platform, the 
standard deviation increases by 780.1 ± 25.8 pA (2864.2 ± 95.1%) at ~578 µW compared to only 
0.9 ± 0.1 pA (17.6 ± 1.4%) at ~583 µW for the Py-SiNx platform. Figure 4.13B and Figure 4.13C 
shows a corresponding plot of the standard deviation of ionic current versus laser power for the 
Si-SiNx and Py-SiNx platform, respectively.  
  
Figure 4.13 (A) The ionic current at 0 mV for Si-SiNx (yellow background) and Py-SiNx devices, containing similar 
sized pores (Py-SiNx conductance: 25.5 nS, Si-SiNx conductance: 25.4 nS) as laser power is raised to ~580 µW. 
The different colour regions correspond to different laser powers, which are ?????????? ??? ???? ??????? ??????) 
below each trace. The inset is an enlargement of the data for the Py-SiNx device. (B) Standard deviation of ionic 
current at 0 mV versus laser power for the Si-SiNx nanopore. (C) Standard deviation of ionic current at 0mV 
versus laser power for the Py-SiNx nanopore.  All data collected with a 0.1 M KCl, 10 mM Tris?HCl, 1 mM EDTA 
(pH 7) buffer. Figures adapted from reference 28. 
   For both platform types, PSD analysis was conducted to help determine the dominant source 
of photo-induced noise. PSDs were calculated in the same manner as in section 4.2.2. Figure 
4.14 shows PSDs of the data presented in Figure 4.13 for the Py-SiNx and Si-SiNx nanopores 
with the laser off and at ~580 µW power. For the Si-SiNx device, a broad peak centred at ~225 
Hz arises with the laser on (Figure 4.14A). Fitting a smoothing spline to this peak indicated an 
increase in the amplitude of noise at 1 Hz and 225 Hz by factors of 7.74 ± 2.56 ? 104 and 1.79 ± 
0.17 ? 105, respectively. For the Py-SiNx platform, the broad peak at 225 Hz associated with 
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laser illumination is absent (Figure 4.14C). The absence of this peak for Py-SiNx platforms 
suggests it is related to the bulk Si substrate.  Chen and co-workers have previously reported 
increases in noise due to electrochemical reaction at the silicon-electrolyte interface.29 As the Si 
substrate band gap is ~1.1 eV, the photon energy of 488 nm wavelength light (2.54 eV) is 
sufficiently high for generating electron-hole pairs. This is known to promote photoreduction of H+ 
at p-type Si interfaces.30 We therefore suspect that this large increase of noise is a result of 
photo-induced electrochemical reaction at the silicon-electrolyte interface. 
  
Figure 4.14 Power Spectral Densities (PSDs) for a 25.4 nS Si-SiNx nanopore at (A) 0 mV and (B) -200 mV bias, 
??????????????????????????????????????????????????????????? Panels (C) and (D) show PSDs for a 25.5 nS Py-SiNx 
nanopore at 0 mV and -200 mV bias respectively, with the laser off (blue) and at ~583 ??????????????? ?????? 
Figures adapted from reference 28. 
   The majority of nanopore experiments require the application of a transmembrane potential. 
This increases the ionic current (I) noise due to the manifestation of shot noise (? I), surface 
protonation noise (? I2) and flicker noise (? I2).3?5 Flicker noise is typically the dominant source of 
extra noise.4 As established in section 4.2.3.1, laser illumination increases pore conductance. As 
each of these noise sources scales with the magnitude of ionic current, the level of ionic current 
noise is therefore also expected to increase with laser power. Upon laser illumination of Si-SiNx 
platforms, the breadth and amplitude of the peak at ~225 Hz means increases in the level of 
noise are substantially higher than that expected from changes to pore conductance. For 
instance, Figure 4.14B shows a PSD for the same 25.4 nS Si-SiNx nanopore at -200 mV bias, 
normalised with respect I2, with the laser off and at a power of ~578 µW. At ~578 µW laser 
power, this chart shows a substantial increase of noise below 1000 Hz which completely 
obscures flicker noise. These noise characteristics are in stark contrast to Py-SiNx platforms. For 
comparison, Figure 4.14D shows a PSD for the 25.5 nS Py-SiNx nanopore at -200 mV bias, 
normalised with respect I2, with the laser off and at a power of ~583 µW. Unlike the Si-SiNx 
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nanopore, there is little difference in the PSDs as increases of low frequency noise are in 
accordance with the growth of flicker noise associated with higher ionic current.  
   Further PSD analysis confirmed that that the minor increase of noise for the Py-SiNx platforms 
stems from photo-induced increases of the pore conductance. This involved firstly assessing the 
relative contribution of different noise sources at 0 mV for laser powers up to ~600 µW. Figure 
4.15A shows a PSD for a ~11 nm diameter pore (conductance: 6.8 nS) at 0 mV bias and ~591 
??? ???????????? At 0 mV bias, the principal sources of noise are thermal; dielectric and input 
capacitance noise. Hence, the PSD is fit with equation 4.16. The PSD was determined from ionic 
current data low pass filtered at 20 kHz (and digitized at 100 kHz). These parameters were 
chosen to increase the fitting range and therefore certainty of the amplitude of dielectric and input 
capacitance noise, which are ? F and ? F2 respectively.3 
   Figure 4.15B shows a plot of dielectric and input capacitance noise amplitude versus laser 
power. Both the amplitude of dielectric and input capacitance noise are independent of laser 
power. This is because neither source of noise depends on pore conductance. The average 
amplitude of dielectric and input capacitance noise is 9.51?10-8 ± 1.75?10-9 and 2.22?10-14 ± 
1.14?10-20, respectively. These values concur with those presented in section 4.2.2.   
   Figure 4.15C shows a plot of thermal noise and pore conductance versus laser power. Thermal 
noise increase linearly with laser power (R2 = 0.64) ??? ????? ????????? ????????????? ??? ?????
conductance. The increase is in line with that predicted using equation 4.3. For instance, at ~591 
µW laser power the pore conductance increased by 22 % and the line of best fit indicates an 
increase of 24.0%. At 0 mV, increases of ionic current noise are therefore a direct consequence 
of increasing pore conductance. 
  
Figure 4.15 (A) Power Spectral Density for a ~11 nm diameter Py-SiNx pore (conductance: 6.8 nS) at 0 mV and 
?????????????????????????????????????????????????????S(f) =  B + Cf + Df2 (where B?D are fitting parameters). (B) 
?????????????????????????????????????????????????????????????????????????????????????????????????????????????????
noise and input capacitance noise are 9.51?10-8 ± 1.75?10-9 and 2.22?10-14 ± 1.14?10-20, respectively. (C) 
Dependence of thermal noise on laser power. The inset of panel shows pore conductance at 0 mV. The data was 
collected using a 0.1M KCl, 10mM Tris?HCl, 1mM EDTA (pH 7) buffer and was digitized at 100 kHz and low pass 
filtered at 20 kHz. Figures adapted from reference 28. 
   Upon application of a bias, additional sources of noise arise (i.e. flicker, shot and surface 
protonation noise).3 Nonetheless, photo-induced increases of ionic current noise remain small for 
Py-SiNx devices. For example, Figure 4.16A shows the standard deviation of ionic current at 0 
mV, -100 mV and -200 mV bias for a ~8 nm diameter pore (conductance: 4.0 nS at 0 mV) as the 
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laser power is increased to ~596 µW. For each potential, increases of noise are sub-pA across 
the entire laser power range. The principal sources of photo-induced noise with and without an 
applied bias were assessed via PSD analysis. As before, at 0 mV increases of thermal noise are 
in-line with the rise in pore conductance. Figure 4.16C shows a plot of thermal noise and pore 
conductance (at 0 mV) versus laser power. At ~596 µW laser power the pore conductance 
increased by 25 % and the line of best fit to thermal noise (R2=0.98) increases by 32.6%.   
  
Figure 4.16 (A) Standard deviation of ionic current versus laser power for a ~8 nm diameter pore (conductance: 
4.0 nS at 0 mV). The different traces correspond to different biases: 0mV (blue), -100mV (green) and -200mV 
(red). (B) Power Spectral Densities at 0 mV (blue) & -?????????????????????????????????????????????????????????
indicate fits of S(f) =  B + Cf + Df2 and S(f) = Af-?  (where A?D ????????????????????????????????????????????????????
????????????????????????????????????????????????????-200mV, respectively. (C) Dependence of thermal noise on laser 
power (R2=0.98). The inset of panel shows pore conductance at 0 mV. All data was collected using a 0.1M KCl, 
10mM Tris?HCl, 1mM EDTA (pH 7) buffer and was digitized at 100 kHz and low pass filtered at 10 kHz. Figures 
adapted from reference 28. 
 
   Once a bias is applied white noise contains contributions from thermal, shot and surface 
protonation noise. When the laser is turned on, in addition to increasing thermal noise, increases 
of shot and surface protonation noise are anticipated due to increasing ionic current and surface 
charge, respectively. Figure 4.16C shows a plot of the average magnitude of white noise at -200 
mV versus laser power. The magnitude of white noise was calculated over the 0.1-1 kHz PSD 
band. There is only a weak linear correlation (gradient = 0.12 ± 0.08 pA2 Hz-1 W-1, R2 =0.19) 
between its amplitude and the laser power. This is a result of surface protonation noise, the 
dominant source of white noise, not increasing significantly for laser powers up to ~600 µW. This 
conclusion was reached as follows. In section 4.2.3.1, the average pore photo-response was 
shown to be 14.3 ± 4.1 C m-2 W-1. Assuming a surface charge density of 20 mC m-2 with the laser 
off, this gives a surface charge density of 28.5 ± 2.5 mC m-2 at ~596 µW laser power. 
Hoogerheide et al showed that for a SiNx nanopore (length: 55 nm, diameter: 4 nm), immersed in 
a 110 mM ionic strength solution, the magnitude of surface protonation noise is the same when 
its surface charge density is 20 mC m-2 (at pH 7) and 30 mC m-2 (at pH 8).5 Neglecting surface 
protonation noise, the minor increase of white noise is in fact in line with theoretical estimates for 
the increase of thermal and shot noise. The inset of Figure 4.16C shows an estimate of the 
amplitude of white noise associated with thermal and shot noise versus laser power, calculated 
using the equations provided in section 4.1.1 (i.e. equations 4.3 and 4.4). The magnitude of this 
estimate is significantly lower than the measured amplitude of white noise. This is a 
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consequence of surface protonation noise being neglected.  However, the gradient of the line of 
best fit is 0.11 pA2 Hz-1 W-1, which is close to that observed experimentally (0.12 ± 0.08 pA2). 
Two conclusions may therefore be drawn from this analysis. Firstly, as reported by Hoogerheide 
et al, surface protonation noise is the dominant source of white noise when a bias is applied. 5 
Secondly, the slight increase of white noise with laser power is consistent with increases of 
thermal and shot noise.  
 
  
Figure 4.17 (A) Dependence of white noise on laser power at -200 mV bias. The inset shows a theoretical 
estimate of the amplitude of thermal and shot noise as a function of laser power. (B) Dependence of flicker noise 
on laser power, at -200 mV bias. The inset shows the normalised flicker noise amplitude (w.r.t. <I>2) as a function 
of laser power. Data collected using a ~8 nm diameter pore (conductance: 4.0 nS at 0 mV) and 0.1M KCl, 10mM 
Tris?HCl, 1mM EDTA (pH 7) buffer. Figures adapted from reference 28. 
 
   In addition to shot and thermal noise, increases of flicker noise were also observed. PSDs for a 
range of laser powers at -200 mV bias were fit with equation 4.21 (Figure 4.16B). At ~596 µW 
laser power, the amplitude of flicker noise increased by 87.0 ± 45.4 % (Figure 4.17B). Flicker 
noise is proportional to the square of the ionic current (see equation 4.7). The normalised noise 
amplitude is approximately constant with a mean of 3.56 ± 0.17 × 10-7 Hz-1 (Figure 4.17B, inset). 
This indicates that photo-induced increases of flicker noise stem from the increase in ionic 
current associated with higher pore conductance. A variety of physical mechanisms may be 
responsible for flicker noise. Although no universal model exists, nanopores which exhibit low 
flicker noise (<1 pA2 / Hz at 1 Hz) may be described by Hooges relation, where the normalised 
noise amplitude is given by equation 4.22.6,18,31 If the Hooge relation were applicable here, the 
normalised noise amplitude would decrease with increasing laser power due to an increase in 
the surface charge density and therefore number of charge carriers. The inapplicability of the 
Hooge relation suggests that flicker noise is not caused by mobility fluctuations alone. Other 
sources of flicker noise, such as nanobubbles and inhomogeneous surface charge, could be 
present simultaneously.7,9,11 
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Where, A is the amplitude of flicker noise; f is frequency; ?????usually close to 1; a is the normalised flicker noise 
amplitude; I is the ionic current; Nc ?????????????????????????????????????????????????????????????? 
   The above analysis shows the distinct improvement a predominately pyrex substrate provides: 
ionic current measurements at a noise floor defined by the magnitude of conductance change 
induced by laser illumination. It should be noted that as the response of pore conductance to 
?????????????????????????????????????????????????? diameter, larger increases of ionic current noise 
are observed for larger pores.24 In addition, due to the variability of the normalised flicker noise 
amplitude from pore-to-pore, the increase of flicker noise can vary for similar sized pores. 
Nevertheless, increases of noise remain substantially lower than for Si-SiNx platforms. For 
example, Figure 4.18 shows the standard deviation of ionic current at 0 mV, -100 mV and -200 
mV bias for a ~29 nm diameter pore (conductance: 25.5 nS at 0 mV) as the laser power is 
increased to ~583 µW. Increases of noise do not exceed 4 pA for these conditions. 
 
  
Figure 4.18 Standard deviation of ionic current versus laser power for a ~29 nm diameter Py-SiNx pore 
(conductance: 25.5 nS at 0 mV). The different traces correspond to different biases: 0mV (blue), -100mV (green) 
and -200mV (red). 
   In section 4.1.4, Si-SiNx platforms with an additional SiO2 layer between the membrane and 
bulk Si substrate were introduced (e.g. Figure 4.3A). It should be noted that incorporation of such 
a layer does mitigate photo-induced noise arising from the bulk Si substrate and this type of 
platform has now been used for optical detection of fluorescently labelled and label-free 
biomolecules.32?34 Unfortunately a rigorous comparison of these devices noise performance with 
respect to Py-SiNx platforms is not possible due to the limited availability of data and differences 
in experimental set-up and pore size. However, at first glance the level of noise exhibited by Py-
SiNx nanopores using our set-up is lower than current reports using similar optical configurations 
and experimental conditions. Figure 4.19 shows typical ionic current traces recorded for a Si-
SiO2-SiNx ????????? ????? ???????????? ????? ?????? ??????? ??? ????????? ??? ????? ????????? ?????????
group.24,34  
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Figure 4.19 (A) Ionic current trace showing DNA detection using a ~3 nm diameter pore within a locally thinned 
region (diameter: ~1.5 µm, thickness: ~15 nm) of a 60 nm thick SiNx membrane. The device contained a 500 nm 
thick SiO2 layer between the SiNx membrane and bulk Si substrate. Data collected using a 1M KCl electrolyte and 
250 kHz sampling rate. The nanopore was illuminated with 532 and 640 nm laser light simultaneously using a 
1.2NA 60x objective. The bandwidth and applied bias were not specified. The laser power was also not specified 
but it was sufficient for single fluorophore detection suggesting it was on the order of a ~mW. Figure adapted 
from reference 34. (B) Ionic current trace showing detection of the protein ubiquitin using a ~5 nm diameter pore 
within a ~30 nm thick SiNx membrane with a 532 nm wavelength laser turned off (red trace) and at ~2 mW power 
(blue trace). Data collected using a 1M KCl electrolyte, 1.2NA 60x objective, 250 kHz sampling rate and 10 kHz 
bandwidth. Figure adapted from reference 24. 
 
   Figure 4.19B shows an ionic trace for a ~5 nm diameter pore within a ~30 nm thick SiNx 
membrane, collected using a 1M KCl electrolyte and 10 kHz bandwidth.24 The red and blue 
traces correspond to the 532 nm wavelength laser being turned off and at ~4 mW power 
respectively. A direct comparison to the level of noise exhibited by a Py-SiNx platform is not 
possible due to differences in laser wavelength, electrolyte concentration and pore size. 
However, within the supporting information, Di-Fiori et al report that the RMS noise at 300 mV 
and 100 kHz bandwidth, when using a ~8 nm diameter pore and a 0.1 M KCl electrolyte, was 
~182 pA with the laser switched off and ~195 pA at ~5 mW laser power. Figure 4.20 shows an 
estimate of RMS noise as a function of bandwidth for the ~8 nm diameter Py-SiNx nanopore 
discussed earlier. At 100 kHz bandwidth, the RMS noise is predicted as 22.1 pA and 26.0 pA at 0 
mV and 200 mV respectively, when the laser is turned off. At ~5 mW laser power, this increases 
to 22.5 pA and 27.3 pA at 0 mV and 200 mV, respectively. These estimates therefore suggest 
superior noise performance. If the Py-SiNx membrane thickness were also 30 nm, noise may be 
decreased further due to a reduction in membrane capacitance and pore conductance.  
 
Note: The RMS noise was estimated as a function of bandwidth using equation 4.2. This 
calculation assumes complete attenuation of the signal by the filter above the cut-off frequency 
and is therefore an underestimate of the actual value. As the RMS values predicted at 10 kHz 
bandwidth are close to those shown in Figure 4.16A, this effect is not expected to be significant. 
The amplitude of each source of noise was extracted from the plots of amplitude versus laser 
power presented earlier. By extrapolating the fits, the amplitude of each source of noise and 
hence RMS noise was estimated at ~5 mW laser power. This estimate therefore assumes that 
the observed trends are maintained at higher laser power. 
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Figure 4.20 An estimate of RMS noise as a function of bandwidth for a ~8 nm diameter Py-SiNx nanopore at 0 
???????????????????????? ??????????????????????????????????????????????????????????????????????? 
   Si-SiNx chip capacitances as low as 6 pF have been achieved by incorporating additional SiO2 
and silicone elastomer layers.2 As a SiO2 layer also mitigates photo-induced noise, it is likely that 
further device optimisation and fine-tuning of the experimental set-up could significantly improve 
these platform?s noise performance when used for optical experiments. Nevertheless, the level of 
noise exhibited by Py-SiNx nanopores when combined with an optical configuration remains 
lower than current reports. 
4.3 Single-Molecule Detection 
   After establishing the improved noise characteristics of Py-SiNx platforms, electronic 
measurements of the translocation of dsDNA were conducted to evaluate the applicability of the 
platform for single-molecule detection. For this experiment, 5 kb dsDNA (New England Biolabs, 
UK) was chosen. This was selected as its 1.7 µm contour length (base pair length: 0.34 nm 35) 
provides a good signal-to-noise ratio (SNR) with the nanopores used (length ~ 20 nm, diameter < 
??????????????????????????????????????????????????????????????????????????????????? ????
pass filtered at 10 kHz before digitization at 100 kHz.    
   Figure 4.21A shows current-voltage characteristics for a ~8 nm diameter nanopore 
(conductance: 4.0 nS at 0 mV) and a corresponding TEM image. The diameter of the pore was 
estimated at ~8 nm using equation 4.19 (see section 3.4.3 for fitting parameters), which is close 
to that provided by the TEM image.5,27 Figure 4.21B shows a sample of the ionic current trace at 
-200 mV bias after introduction of 5 kb dsDNA (0.85 nM) to the chamber containing the working 
electrode. Smeets et al have previously reported increases in ionic current for dsDNA when 
using KCl concentrations lower than ~0.4 M (see section 1.2.3).27 Surprisingly, a biphasic event 
morphology was observed, where a decrease in ionic current precedes an increase in ionic 
current. Figure 4.21C shows a typical biphasic event.  
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Figure 4.21 (A) Current?voltage characteristics for a ~8 nm diameter nanopore with the laser off (conductance: 
4.0 nS ??????????????????????????????????????????????????????????????????????????????????TEM image of the 
nanopore (scale bar = 10 nm). This was taken by Hyung-Jun Kim after fabrication. (B) Ionic current trace at -200 
mV bias showing electrical detection of 5kb DNA. (C) A Typical biphasic event at -200 mV bias. The dotted line 
indicates the steady-state ionic current (~-1.08nA).  
   Despite biphasic peak morphologies having previously been reported for DNA, the mechanism 
responsible here is not entirely clear. Heng et al reported an increase in current following 
translocation of ssDNA across a 0.5 ± 0.1 nm radius pore immersed in a 1 M KCl electrolyte. 
Molecular dynamic simulations indicated that this was a result of the release of electrolyte ions 
that accumulate at the pore entrance during translocation.36 Considering the relatively large 
nanopore diameter (~8 nm) with respect to the diameter of dsDNA (2.2 nm) and its double layer 
(?D = 0.97 nm for 0.1M KCl), this effect is likely to be small.37,38 When using a similar pore size 
(diameter: 6 nm, length: 20 nm) and conditions (0.1 M KCl, 10 mM Tris.HCl, 1 mM EDTA), 
Kowalczyk et al observed biphasic events during 48.5 kb dsDNA translocation. Figure 4.22A and 
Figure 4.22B shows the explanation postulated by Kowalczyk and co-workers: the current 
decrease is caused by DNA entering the access resistance region close to the pore and the 
current increase is due to the flow of counterions along the DNA backbone during translocation.39 
However, while this two-step mechanism could result in a biphasic peak, no quantitative model is 
presented.  
   Alternatively, both simulation and experiment have shown that biphasic pulse shapes can arise 
due to electro-static effects and volume exclusion of electrolyte dominating in different regions of 
a pore.40?42 For instance, Figure 4.22C and Figure 4.22D show concentrations distributions, 
presented by Chen et al, for K+ and Cl- ions as a negatively charged particle (diameter: 20 nm, 
surface charge density: 20 mC m-2) enters and exits a nanopore (diameter: 30 nm, length: 50 
nm, surface charge density: 5 mC m-2) respectively.41 The concentration distributions correspond 
to a 1 V applied bias and 20 mM KCl concentration.  For this system, an initial decrease in ionic 
current is induced by particle entry due to electrostatic interactions opposing the entry of Cl- ions 
and favouring the exit of K+ ions and volume exclusion of electrolyte. A current increase is 
observed when the particle leaves the pore due to electrostatic interactions, facilitating K+ entry 
and opposing Cl- exit, resulting in ion accumulation within the pore. For this system, Chen and 
co-workers showed that a biphasic pulse shape occurs for KCl concentrations below 200 mM. 
Similar mechanisms have been presented by both Menestrina et al and Lan et al along with 
experimental data showing biphasic events for charged polystyrene particle translocating across 
glass and polymer nanopores respectively.40,42 For example, Menestrina et al demonstrated this 
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phenomenon using 470 nm diameter carboxylated polystyrene particles with a surface charge of 
-1.0 to -1.4 e- / nm2 and ~1400 nm diameter nanopores within 12 µm thick polyethylene 
terephthalate membranes for electrolyte concentrations < 300 mM KCl.40 It is difficult to be 
certain whether this mechanism could cause the biphasic pulse morphology observed here. 
However, DNA molecules may have sufficient charge due to the phosphate backbone (2 e- per 
base pair). Although this charge is reduced in the presence of a KCl electrolyte, due to the 
formation of a double layer, effective charges of 0.5 e- per base pair have been reported. One 
base pair is roughly 0.34 nm in length and therefore the effective charge of the DNA strand is 
approximately ~1.5 e nm-1.27  
  
Figure 4.22 Panels (A) and (B) show the model proposed by Kowalczyk and co-workers for biphasic 
translocation events. Figure adapted from reference 39. A current decrease is caused by docking of a DNA 
molecule in the access region of the pore (A) followed by a current increase once the DNA begins to translocate 
due to the flow of counterions along the DNA backbone (B). Panels (C) and (D) show the concentration of K+ and 
Cl- ions as a particle (diameter: 20 nm, surface charge density: 20 mC m-2) enters and exits a nanopore 
(diameter: 30 nm, length: 50 nm, surface charge density: 5 mC m-2) respectively. Simulation conducted for 20 
mM KCl solution and 1 V applied bias. Figure adapted from reference 41.  
   To probe which mechanism is applicable here, quantitative analysis of both the decreases and 
increases in ionic current was conducted. As described in chapter 2 (section 2.4), the duration, 
amplitude and area of both event types was extracted using a Matlab script written by Joshua 
Edel. Figure 4.23 shows corresponding histograms of each parameter for -200 mV bias. Fitting 
histograms of the amplitude of the decrease and increase in ionic current with Gaussian 
probability density functions (PDFs) revealed mean amplitudes of 69.3 ± 10.7 pA and 88.9 ± 20.3 
pA, respectively. In section 1.2.3 it was shown that event sub-structure can indicate the 
translocation of DNA in different conformations. No sub-structure within either the decrease or 
increase of ionic current was observed. As the persistence length of DNA is ~50 nm in 0.1 M 
NaCl and the pore diameter is ~8 nm, it is likely the bulk of events therefore correspond to the 
translocation of linear DNA.43 Histograms of event duration were fit with Ling ??????? 1D linear 
translocation PDF (equation 4.23).44 For -200 mV bias, this fitting procedure provided a mean 
duration of 0.216 ms (FWHM: 186.0 ms) and 0.089 ms (FWHM 0.40 ms) for the decreases and 
increases in ionic current respectively. Both are in reasonable agreement with the translocation 
times reported for unfolded DNA molecules in the literature.45,46 It should be noted that a biphasic 
pulse shape is not always observed. For instance, decreases of ionic current are observed for 
only 71.7% of events at -200 mV bias?? ??? ?????? ???????? ????? ??? ???? ??? ????????????? ?????????
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resolution as the histogram for the duration of decreases in ionic current would appear more 
truncated for lower dwell times (e.g. Figure 4.23A). Furthermore, this was also observed at -150 
mV bias where the mean duration of decreases in ionic current was significantly longer (see 
Table 4.4). This phenomenon may indicate differences in DNA conformation at the entrance of 
the pore. 
 ????? ?
?
??????
?
????????
???  
 
4.23 
Where, t is the pulse duration, v is the drift velocity, L is the molecule length and D is the diffusion coefficient. 
  
Figure 4.23 (A) and (B) Histograms of the duration of decreases and increases in ionic current respectively, fit 
with Ling ??? ????? PDF.47 (C) and (D) Histograms of the area of decreases and increases in ionic current 
respectively, fit with log-normal PDFs. (E) and (F) Histograms of the amplitude of decreases and increases in 
ionic current respectively, both fit with Gaussian PDFs. Charts constructed from a total of 559 decreases and 780 
increases in ionic current. All data collected at -200 mV bias with the laser switched off.  
   Table 4.4 contains mean event parameters, extracted via the same fitting procedures, for the 
decreases and increases in ionic current associated with the translocation of DNA at -150 mV 
and -200 mV bias. The decrease in ionic current is more strongly dependant on the magnitude of 
the applied bias with an increase in the mean amplitude by a factor of ~2.4 and a decrease in the 
mean duration by a factor of ~5.5. In comparison, changes to the shape of increases in ionic 
current are relatively minor: the mean amplitude increases by a factor of ~1.1 and the mean 
duration decreases by a factor of ~1.2. The translocation duration for DNA typically scales with 
approximately 1 / V.39,48 Figure 4.24 shows a plot of the duration of both decreases and 
increases in ionic current versus applied potential. At 100 mV bias, no data is present for the 
decreases in ionic current as the amplitude was too low to be distinguished from the background 
signal. Fits revealed the average duration of the decreases and increases of ionic current scaled 
with 1 / V 5.5±0.3 and 1 / V 0.3±0.1 respectively. The average total event duration scaled with 1 / V 
4.2±0.6. Thus, neither the duration of decreases nor increases of ionic current behaves as 
expected for the free translocation of DNA.48 
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  -150 mV -200 mV 
 Decrease Increase Decrease Increase 
N 468 561 559 780 
Td / µs 1198.3 (FWHM: 751.5 ) 103.6 (FWHM: 35.9) 216.0 (FWHM: 186.0) 89.4(FWHM: 45.9) 
??????? 33.2 ± 5.9 81.1 ± 16.5 69.3 ± 10.7 88.9 ± 20.3 
ECD / fA.s 27.3 (FWHM: 21.2) 4.3 (FWHM: 2.9) 23.7 (FWHM: 14.6) 4.4 (FWHM: 3.4) 
     
Table 4.4 Mean event parameters for the decreases and increases in ionic current associated with 5kb dsDNA 
translocation across a ~8 nm diameter pore at -150 and -200 mV bias with a 0.1M KCl electrolyte (10 mM 
?????????????????????????? 
  
Figure 4.24 Dependence of the duration of decreases (blue data) and increases (red data) in ionic current on 
voltage. Data plotted on a log-log scale. Fits revealed the duration of decreases and increases in ionic current 
scaled with 1 / V 5.5±0.3 (R2 = 0.99) and 1 / V 0.3±0.1 (R2 = 0.78) respectively.  
  The above data corresponds to the laser being switched off. During the translocation 
experiment, the pore was illuminated at ~74 µW and ~204 µW laser power to establish that 
single-molecule detection remained possible with laser illumination. The laser was turned off and 
on in 20 second intervals. Figure 4.25 shows a sample of the ionic current trace at 200 mV with 
the laser at ~74 µW power (yellow background) and turned off (white background). A biphasic 
pulse shape was also observed with the laser switched on.  
  
Figure 4.25 Ionic current trace showing electrical detection of 5kb DNA at -200 mV bias using a ~8 nm diameter 
??????????????????????????????????????????????????????????????????????????????????????????????????nd) and at 
????????????????????????????????? 
   Similar to Di Fiori et al, a reduction in the translocation frequency was observed when the laser 
was switched on.24 The translocation frequency was determined by fitting an exponential decay 
to the normalised inter-event time distribution. Briefly, this is because at low DNA concentrations, 
translocation events are independent random processes and therefore often described as a 
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Poisson process, for which the inter-event time distribution is described by an exponential 
decay.49 As decreases in ionic current were not observed for all events, the translocation 
frequency was determined from the frequency of increases in ionic current. Figure 4.26A shows 
the translocation frequency as a function of the applied potential with the laser turned off, error 
bars correspond to fit error. The inset of Figure 4.26A shows the normalised inter-event time 
distribution for -200 mV bias. The linear dependence of event frequency on the applied voltage 
(R2=0.90) indicates there is no free energy barrier to enter the pore and hence the time required 
for a DNA molecule to be delivered to the pore is the rate-limiting step (i.e. the process is 
diffusion-limited). This relationship arises due to the linear dependence of the effective capture 
radius on the applied bias.49,50 Figure 4.26B shows the relative reduction in translocation 
frequency induced by laser illumination, the fits reveal an average reduction of 25.8 ± 1.5% and 
60.4 ± 5.6% at ~74 µW and ~204 µW laser power, respectively.  
  
Figure 4.26 (A) The translocation frequency as a function of the applied potential with the laser turned off. Fit 
reveals a linear dependence of the translocation frequency for this potential window (R2=0.9). Error bars 
correspond to exponential fit error. The inset shows the normalised inter-event time distribution at -250 mV (with 
????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????????) laser power, w.r.t. that with the laser turned off. Fits indicate an average reduction of 25.8 ± 
1.5% and 60.4 ± 5.6% at ~74 µW and ~204 µW laser power, respectively. Figure adapted from reference 28. 
   A slight increase in event duration was observed when the laser was switched on. Figure 4.27 
shows histograms for the duration of decreases and increases in ionic current at -200 mV bias, 
as a function of laser power. As before, the histograms have been fit with Ling ??? ?????PDF.44 
Table 4.5 shows the corresponding mean event durations. A small increase in the duration of 
decreases in ionic current is observed with laser illumination. At ~74 µW and ~204 µW power, 
the mean duration increased by a factor of ~1.28 and ~1.11, respectively. It should be noted that 
the reduction in translocation frequency with increasing laser power meant only 345 and 63 
decreases in ionic current were detected with the laser at ~74 µW and ~204 µW power, 
respectively. Consequently the differences in duration may be a result of the increase in 
uncertainty of fits to histograms constructed from a lower number of events.  
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 Decrease Increase 
Laser Power / µW N ?D / µs N ?D / µs 
0 559 216.0 (FWHM: 186.0) 780 89.4 (FWHM: 45.9) 
74 345 270.0 (FWHM: 218.5) 510 87.8 (FWHM: 34.0) 
204 62 240.0 (FWHM: 204.0) 73 89.8 (FWHM: 36.5) 
Table 4.5 Mean duration (?D) for the decreases and increases of ionic current, associated with 5kb dsDNA 
translocation across a ~8nm diameter pore, as a function of laser power. Data collected at -200 mV bias with a 
?????????????????????????????????????????????????????? 
  
Figure 4.27 Histograms for the duration of decreases and increases of ionic current, associated with 5kb dsDNA 
translocation across a ~8 nm diameter pore, fit with Ling et al and log-normal probability distribution functions, 
respectively. All data collected at -??????????????????????????????????????????????????????????????????????????
(A) and (B) correspond to the laser being turned off. (C) and (D) correspond to ~74 µW laser power. (E) and (F) 
correspond to ~204 µW laser power. 
   In section 4.2.3.1, it was explained that, depending on laser wavelength, photo-induced 
increases of pore conductance can occur due to local heating of the electrolyte or increases in 
pore surface charge.23,24 For this system, the rate of conductance change (with laser power) 
scales linearly with nanopore diameter (Figure 4.12) suggesting photo-induced increases of pore 
conductance are due to increases in pore surface charge. The changes to both translocation 
duration and frequency induced by laser illumination also suggest photo-induced increases of 
pore surface charge. This conclusion was reached as follows. An increase in surface charge is 
reported to reduce translocation frequency due to increased electro-osmotic flow.24 In contrast, 
local heating of the electrolyte within a nanopore has been shown to increase translocation 
frequency due to the reduction in solution viscosity.51,52 Thus, the reduction of 5kb dsDNA 
translocation frequency induced by laser illumination suggests an increase of surface charge. 
The increase in electro-osmotic flow associated with an increase in surface charge is also 
reported to increase DNA translocation duration.24 Although, increases in translocation duration 
are small, clearly no reduction in translocation duration (indicative of local heating51,52) is 
observed.  
   Unfortunately, it seems at this stage, there is no satisfactory explanation for the biphasic pulse 
shape and why it is not observed by all research groups. It may be a consequence of a number 
of mechanisms, including those suggested by Kowalczyk et al and Chen et al.39,41 A reasonable 
assumption at this stage is that the decrease in ionic current corresponds to the beginning of the 
translocation process and the increase of ionic current corresponds to its exit. However, the 
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position of a molecule when an increase of ionic current occurs remains unclear. Nevertheless, 
this experiment shows that low-noise single-molecule detection via resistive pulse sensing is 
possible using the experimental set-up described in chapter 2 and a Py-SiNx nanopore, both with 
and without laser illumination. 
4.4 Conclusion 
   In conclusion, this chapter has demonstrated the advantages of a pyrex support structure by 
comparing the noise properties of the Si-SiNx and Py-SiNx platforms introduced in chapter 3. Two 
key advantages are established.  
   ??????????????????????????????????????????????????????????????????????????????????????????????????
Si (Boron doped Si resistivity: 1-???????, dielectric constant: 11.8),3,20 Py-SiNx platforms have a 
lower effective chip capacitance (5-10 pF) than Si-SiNx platforms (8.7 nF ± 0.5 nF). 
Consequently, Py-SiNx platforms exhibit low magnitude dielectric and input noise capacitance 
noise (? CChip and ? CTotal2 respectively3) and sub-5 pA values for the standard deviation of the 
ionic current were the norm at 0 mV and 10 kHz bandwidth. Secondly, the use of a bulk pyrex 
substrate substantially lowers ionic current noise arising from laser illumination. A bulk silicon 
substrate results in large increases of ionic current noise due to suspected electrochemical 
reaction at the Si-electrolyte interface.29,30 However, a pyrex substrate enables ionic current 
measurements at a noise floor defined by the magnitude of conductance change induced by 
laser illumination. These two advantages are exemplified in the comparison of a ~29 nm 
diameter Py-SiNx and Si-SiNx nanopore in section 4.2.3.2. At 0 mV with the laser turned off, the 
standard deviation of ionic current was 4.02 ± 0.02 pA and 26.9 ± 0.9 pA for the pyrex and Si 
platforms, respectively. ????????????????????????????????????????????????????????????????????????
(? f and ? f2 respectively), this improvement can be expected to increase at higher bandwidths.3 
At ~600 µW laser power, a sub-pA increase of the standard deviation of ionic current is observed 
for the Py-SiNx nanopore. In stark contrast, an increase of ~780 pA is observed for the Si-SiNx 
nanopore. 
   The properties of Py-SiNx platforms are also shown to compare favourably with optimised Si-
SiNx platforms, reported elsewhere in the literature. For instance, in section 4.1.4 the different 
methods employed for reducing Si-SiNx platform chip capacitance are described. With the 
exception of the complex devices fabricated by Balan et al (shown in Figure 4.3B),17 the Py-SiNx 
effective chip capacitances are comparable to the lowest reports for optimised Si-SiNx platforms 
containing an intermediate SiO2 layer and silicone elastomer coating on the chip surface (6-25 
pF).2 Reports in the literature suggest that, as well as lowering chip capacitance, an intermediate 
SiO2 layer can mitigate photo-induced noise.32?34 It is difficult to compare the noise performance 
of these devices to Py-SiNx platforms due to differences in experimental set-up. However, for ~5 
mW laser power and 100 kHz bandwidth, an RMS current of 22.5 pA and 27.3 pA at 0 mV and 
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200 mV was estimated for Py-SiNx platforms, which is lower than current reports using optimised 
devices and similar optical configurations. 
   In addition to the above noise analysis, proof-of-principle electronic measurements of the 
translocation of 5 kb dsDNA with and without laser illumination are presented, which confirm the 
viability of the platform for single molecule detection. The low level of electrical noise exhibited by 
Py-SiNx platforms provides scope for high-laser-power and high-bandwidth synchronized optical 
and electrical detection of biomolecules. The following chapter will describe the development and 
application of a hybrid-nanopore zero mode waveguide, based on a Py-SiNx platform, for 
synchronized detection. 
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Synopsis: The low photo-induced noise of pyrex based nanopore devices makes them an ideal 
platform for low-noise synchronized optical and electronic detection of biomolecules. The 
application of a confocal microscope to a hybrid nanopore-ZMW is perhaps the most powerful 
technique for directly probing a single nanopore due to the ability to localise a molecule within an 
excitation volume on the order of a zeptolitre and the sensitivity of avalanche photodiodes (i.e. 
single photon resolution and kilohertz to megahertz sampling rates). This chapter describes the 
design considerations and extra fabrication steps required for using a pyrex based platform as a 
hybrid nanopore-zero mode wave guide. Both independent and synchronized optical and 
electrical measurements of 5 kb dsDNA translocation are subsequently presented.  
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5.1 A Hybrid Nanopore-Zero-Mode Waveguide Platform: Design and 
Fabrication 
5.1.1 Zero-mode Waveguide: Cut-off Diameter 
   Zero-mode waveguides (ZMWs) were first used for single-molecule detection in 2003 by 
Levene et al.1 This powerful technique involves illumination of a metallic aperture where, 
crucially, the lateral dimensions of the aperture mean no propagation modes exist for the incident 
light. As a result, light inside the aperture decays exponentially along the pore axis resulting in a 
confined excitation and detection volumes down to a zeptolitre (1?10-21 l).1,2 When designing the 
hybrid nanopore-ZMW platform, it was crucial to determine the cut-off nanopore diameter below 
which no propagation modes exist for the incident 488 nm wavelength light. This procedure will 
be described briefly below. 
   For a cylindrical waveguide and given wavelength of incident light, a discrete number of 
propagation modes exist each with a waveguide cut-off diameter, beneath which the respective 
mode is not allowed. The propagation mode with the smallest cut-off diameter is called the 
??????????? ?????? ??? ????? ???? ?????????? ????????? ??? ?????? ????? ???-off value, a zero-mode 
regime is established where no propagation modes exist within the waveguide.1,3,4 For cylindrical 
??????????????????????????????????????????????????????????????????????????????????????-electric 
TE11 mode. Table 5.1 shows the cut-off diameter for the TE11 mode as a function of the incident 
light sources wavelength, calculated using equation 5.1.4 Thus for a 488 nm wavelength light 
source, the cut-off diameter is 288 nm and 215 nm when the waveguide is filled with air and 
water, respectively. The decrease in cut-off diameter for a waveguide filled with water is a result 
of the reduction in wavelength of light when propagating through mediums with higher refractive 
index.2  
 ???????????? ?
????
? ?? 
5.1 
Where, dc is the cut-???????????????b is the wavelength of incident light and ?mn is the mth root of the nth order 
Bessel function. 
Mode dc in air dc in water 
TE11 ??????m ??????m 
Table 5.1 The waveguide cut-off diameter for the TE11 ??????????????????????? ?m is the wavelength of the 
incident light source within a vacuum. 
      If the waveguide diameter is below the relevant cut-off diameter, the intensity of incident light 
decays along the pore axis according to equation 5.2.3,4 Sub-20 nm diameter nanopores are 
commonly used for nanopore sensing. Figure 5.1A shows the intensity profile, calculated using 
equation 5.2, for waveguides with diameters from 5 nm to 20 nm when illuminated with 488 nm 
wavelength incident light. Figure 5.1A indicates that transmittance of 488 nm wavelength light 
through waveguides with dimensions typical for nanopore sensing is significantly reduced. For 
instance, for a 10 nm diameter pore, a reduction of the electromagnetic field intensity by 93.6% is 
predicted at a depth of 5 nm, which increases to 99.6% at a depth of 10 nm.  
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   It should be noted that values provided by equation 5.2 are estimates. In reality, metals are not 
perfect conductors and there is some penetration of the electro-magnetic field of incident light 
into the surface of the waveguide due to a finite skin depth.1,2,5 Consequently, attenuation is 
lower than that predicted for a perfect conductor with no sharp cut-off wavelength for a given 
waveguide. Numerical simulations must be conducted for a more accurate estimation of light 
attenuation. For instance, the EM field intensity distribution shown in Figure 5.1B was calculated 
by Levene et al for an aluminium (Al) zero-mode waveguide illuminated with 500 nm wavelength 
light, using a three-dimensional finite-element time domain simulations. This simulation illustrates 
the penetration of the electro-magnetic field into the membrane.1 
 ??
??
? ?????
???
??
??
??
??
?
?
? ?? 
5.2 
Where, h is pore depth, Ih is intensity at depth h, Io is initial intensity, ?c is the cut-off wavelength and ?m is the 
wavelength of incident light. 
 
 
  
Figure 5.1 Attenuation of light by a zero-mode waveguide. (A) The intensity profile of the electromagnetic field 
along the pore axis for an ideal waveguide, from 5 nm to 20 nm in diameter, when illuminated with 488 nm 
wavelength incident light. (B) Electromagnetic field intensity distribution for a 100 nm long, 50 nm diameter Al 
zero-mode waveguide illuminated with 500 nm wavelength light. This was calculated using a three-dimensional 
finite-element time domain simulation by Levene et al. Figure adapted from reference 1. 
5.1.2 Platform Design   
   Hybrid nanopore-ZMW platforms consisted of a Py-SiNx platform with an additional Al coating. 
The free standing membrane was composed of ~30 nm thick Al and ~20 nm thick SiNx. These 
???-SiNx-??????????????????????????????????????-Jun Kim (see chapter 3 for fabrication details). 
An additional fabrication step was incorporated; cross-hair alignment marks were deposited 
around Py-SiNx-Al nanopores to simplify laser alignment. The choice of metal and membrane 
thickness was based upon minimising pore length whilst ensuring low transmittance of light 
across the pore and bulk membrane (Figure 5.2). It is important to minimise pore length as 
changes in pore conductance induced by a translocating molecule are inversely proportional to 
pore length.6 The selection process will be described next, followed by discussion of alignment 
mark deposition. 
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Figure 5.2 Schematic of the hybrid nanopore-ZMW platform. The free standing membrane is composed of ~30 
nm thick Al and ~20 nm thick SiNx. The presence of Al results in a reduction of transmittance across the free-
standing membrane. Incident light decays exponentially along the pore axis provided the nanopore diameter is 
below the relevant cut-off diameter.  
   Transmittance of 488 nm wavelength light across a range of metals was considered. When 
light is incident on the interface of two mediums, the intensity of transmitted light is inversely 
proportional to the intensity of light absorbed and reflected. The level of absorption and reflection 
are both related to the complex refractive index of a material (N), given by equation 5.3.4,7 
 ? ? ? ? ?? 5.3 
Where, n is the refractive index and k is the extinction coefficient. 
 
  Reflectivity is defined as the ratio of the intensity of reflected light to that of incident radiation. 
For an electro-magnetic wave at normal incidence to an interface this can be calculated from the 
refractive index and extinction coefficient of the medium before and after the interface using 
expression 5.4.4,8 The refractive index, extinction coefficient and reflectivity of a range of metals 
and common dielectric membrane materials for 488 nm wavelength light are presented in Table 
5.2.4  
 
? ?
???????? ? ???
??? ? ???? ? ???
 
5.4 
Where, nm is the refractive index and ki is the extinction coefficient. Index 1 and 2 refer to the medium before and 
after the interface. 
 
 n K R 
Si3N4 2.04340 0 0.04472 
SiO2 1.46287 0 0.00226 
Ag 0.23904 3.01143 0.88971 
Al 0.73177 5.93557 0.90140 
Au 0.99440 1.56924 0.32740 
Cr 2.36877 4.38807 0.61738 
Cu 1.14158 2.52807 0.51414 
Pt 1.93924 3.37017 0.53203 
Ti 1.76754 2.36924 0.38169 
Table 5.2 Optical properties of common dielectric and metallic materials. Where n is refractive index; K is 
extinction coefficient and R is reflectivity. Reproduced from work by Hong et al in reference 4.  
 
   Al was selected as it has the highest reflectivity and extinction coefficient out of the materials 
shown in Table 5.2. Transmittance, is therefore lowest across an Al membrane (for a specific 
thickness).4 An additional advantage of Al is that its surface plasmon resonance wavelength is 
124 nm and so neither surface nor localized plasmons are induced with an Al membrane, 
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excluding possible enhancements of transmittance from a pore.4,5 Figure 5.3 shows the 
electromagnetic field intensity profile for 488 nm wavelength at normal incidence to a 100 nm 
thick Al membrane deposited on a 200 nm thick SiNx membrane.4 Of particular interest within 
Figure 5.3 is the data corresponding to attenuation across a membrane with no pore present. A 
30 nm thick Al membrane was selected as it provides a ~20 dB (10log10|E|2) reduction in the 
electromagnetic field intensity.9 It should be noted that fluorescence from a sample on the other 
side of the membrane would also experience attenuation again before detection. Furthermore, 
for typical nanopore diameters, Figure 5.1A indicates substantial attenuation of light along the 
pore axis at a depth of 30 nm ensuring the optical probe volume is confined to the pore.  
 
  
Figure 5.3 The intensity profile (dB) for 488 nm wavelength light incident on a 100 nm thick Al membrane (0 nm 
< z < 100 nm) deposited on a 200 nm thick SiNx membrane (100 nm < z < 300 nm). Figure adapted from 
reference 4. 
   We used electron beam induced deposition (EBID) to deposit alignment marks around 
nanopores. This was conducted using the Leo Cross Beam 1540 XB (Carl Zeiss AG) instrument 
at the London Centre of Nanotechnology. EBID involves using an electron beam to dissociate a 
precursor molecule, adsorbed onto a substrate surface, into volatile and solid-components. 
Volatile components are evacuated leaving solid material on the specimen surface.10 The 
precursor gas is deposited on the substrate surface using a gas injection system (GIS). The GIS 
is simply a nozzle, which is connected to a reservoir storing the precursor gas. Figure 5.4 
illustrates (A) injection and adsorption of the precursor gas followed by (B) EBID along with an 
image of the experimental set-up. 
   In principle primary (PE), backscattered (BE) and secondary (SE) electrons can initiate 
molecule dissociation. The dominance of low energy (i.e. SE) or high energy (i.e. PE / BE) 
electrons is dependent on the precursor molecule and the relevant dissociation mechanism.11 
????????????????????????????????????????????????????????????????????????????????????????????????
However, ionization induced by PE and BE collisions has also been shown to induce 
dissociation.11,12 
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Figure 5.4 The EBID mechanism and experimental set-up. (A) Injection and adsorption of a precursor molecule 
onto a surface. (B) Electron beam induced dissociation of the precursor molecule into volatile and non-volatile 
components leaving a solid deposit. (C) The key components of the Leo Cross Beam 1540 XB (Carl Zeiss AG) 
instrument: a scanning electron microscope (SEM) column and a gas injection system (GIS). 
   Cross-hair alignment marks were fabricated. Each bar measured 2 µm × 0.5 µm with a 1.5 µm 
× 1.5 µm gap defined in the centre of the cross-hair. 
Trimethyl(methylcyclopentadienyl)platinum(IV) was used as the precursor molecule (Figure 
5.5???? ?????????????????? ?????????????? ??????????? ??? ??????????13 Dissociation of this molecule 
produces a carbon matrix in which reduced platinum atoms are embedded.14 Figure 5.5 shows 
an example of an Al coated device, prior to and after alignment mark deposition. The circular 
feature within the centre of the image is the free standing membrane. The SEM image resolution 
for the alignment marks is lowered due to charging.15 
 
Figure 5.5 (A) An SEM image of the surface of an Py-SiNx-Al platform before alignment mark deposition. The 
dark round feature is the free standing membrane. Scale bar: 1 µm (B) An SEM image of the cross-hair 
alignment marks deposited via electron beam induced deposition. Scale bar: 1 µm (C) Pre-cursor molecule: 
MeCpPtIVMe3. 
   The following procedure, provided by Dr Alexandre Ivanov, was used to deposit the alignment 
marks. 
i) The precursor gas was heated to 58 °C. 
ii) The sample stage was tilted at 54° (Figure 5.4C) and the GIS nozzle positioned close 
to the membrane using its motorized arm. 
iii) ????????????? ????????????????????????????????????? software (Carl Zeiss), was used to 
define the pattern shape and mill duration (60 s for this design). 
iv) The gas valve was opened and the chamber pressure monitored.  
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v) Once the pressure reached 7.5?10-6 mbar (initial pressure: 2?10-6 mbar), the e- 
beam raster was initiated. A 60 second scan was necessary at 20 keV beam energy 
and 12k ? magnification (pixel size: 9.3 nm). 
vi) After the process was complete, the gas valve was closed immediately. No SEM 
imaging was conducted until the pressure returned to the pre gas-injection level 
(2?10-6 mbar). 
   It should be noted that alignment marks were not fabricated for all devices. Although, they 
simplified laser alignment, the free standing membrane could be distinguished from the bulk 
membrane with the 1.2 NA, 60 x water immersion objective. 
5.2 Independent Electrical Detection of dsDNA 
    Prior to trying synchronized detection, independent optical and electronic measurements of the 
translocation of 5 kb dsDNA were conducted to evaluate the viability of Py-SiNx-Al platforms for 
single-molecule detection. For electronic detection, a 1M KCl electrolyte buffered at pH 7 (using 
10mM Tris?HCl, 1mM EDTA) was selected as it provided good SNR for resistive pulse sensing. 
Figure 5.6A shows corresponding current-voltage characteristics for a Py-SiNx?Al nanopore with 
a conductance of 49.6 nS at 0 mV bias. 
  
Figure 5.6 (A) Current-voltage characteristics for a ~19 nm diameter (conductance: 49.6 nS) Py-SiNx?Al 
nanopore within a 1M KCl, 10mM ????????, 1 mM EDTA, pH 7 buffer. (B) Relative contribution of surface effects 
to total pore conductance, as a function of pore diameter. Calculated using equation 5.5 and a surface charge 
density of 20 mC m-2; bulk solution conductivity of 12 S m-1 and K+ electrophoretic mobility of 7.616× 10-8 m2 V-1s-
1 (i.e. the bulk value). 
  The pore diameter was estimated by assuming a cylindrical geometry and using equation 5.5.16 
As discussed in chapter 1 (section 1.2.3), the second term within equation 5.5 accounts for the 
surface contribution to bulk conductance. As a 1M KCl electrolyte was used, the surface 
contribution is small in comparison to the bulk conductance. For example, Figure 5.6B shows a 
theoretical estimate of the relative contribution of surface effects to total pore conductance as a 
function of pore diameter for a 50 nm length nanopore in 1 M KCl. This was calculated by 
assuming a bulk conductivity of 12 S m-1; surface charge density of 20 mC m-2 and that the 
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electrophoretic mobility of K+ in the double layer is the same as that in the bulk solution (i.e. 
7.616× 10-8 m2 V-1s-1).6,17 For diameters greater than 15 nm, it is lower than ~4 % of the total 
conductance. To reduce the number of fitting parameters the pore diameter was therefore 
estimated using only the first term within equation 5.5, which provided an estimate of ~19 nm. 
 ? ? ??
?
?? ?????? ? ?
?
???
? ?
?
? ??????? 
5.5 
Where, d is pore diameter; L is pore length???s is solution conductivity???surf is surface charge density and ?k is 
electrophoretic mobility of potassium in the double layer. 
   Figure 5.7A shows a typical baseline-adjusted ionic current trace for this ~19 nm diameter 
nanopore after introduction of 5 kb DNA (2.6 nM) and application of -100 mV bias. The analogue 
electronic signal was low pass filtered at 10 kHz before digitization at 100 kHz. This provided a 
standard deviation of 5.7 pA and 14.5 pA for the open-pore ionic current (Io) at 0 mV and -100 
mV (Io ~ 4.96 nA) bias, respectively. Distinct resistive pulses, corresponding to the translocation 
of DNA, are present. The duration, amplitude and area of the resistive pulses were extracted 
using the custom Matlab script described in chapter 2, section 2.4.  Figure 5.7B shows a contour 
???????????????????????????????????????????????????????????????????????????????? ????????? ?????????
?????????????????????????????????? 
  
Figure 5.7 (A) Baseline-adjusted ionic current trace upon introduction of 5 kb dsDNA to a ~19 nm diameter pore 
and application of -100 mV bias. Recorded using a 1M KCl electrolyte (buffered at pH 7). Figure adapted from 
reference 18. (B) Corresponding contour plot of event amplitude versus duration for -100 mV bias (total events, 
2780). Figure adapted from reference 18. (C) Illustrations of molecule conformation and the associated event 
morphology (?type 1?: linear, ?type 2?: folded, ?type 3?: partially folded). (D) Histogram of the integrated event area, 
corresponding to the total charge deficit whilst the entire molecule contour length passes through the pore. 
   Fitting a bimodal Gaussian distribution to a histogram of event amplitude provided mean values 
for the resistive pulses associated with both clusters. These values are presented in Table 5.3 
along with the event amplitude once normalised with respect to the open-pore current (5009 pA ± 
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20 pA). ???? ??????????? ?????????? ??? ?????? ??? ??????? ?????????? ??? ?? ??????? ??? ???? ?? ???? ?ith 
res???????????????????????? 
 ??????? ??????0  
Type 1 169.4 ± 13.3 0.034 ± 0.003 
Type 2 287.6 ± 23.7 0.057 ± 0.005 
   
Table 5.3 Most probable event duration (?D),  mean amplitude ???????????????????????????????????????????????????
the open-??????????????????o) fo??????????????????????????????? 
   Figure 5.7??????????????????????????????????????????????????????????????????????????????????
????????????????? ???????????????????????????????????????????????????????????????????????????????
which contained sub-structure. As discussed in chapter 1 (section 1.2.3), previous studies have 
shown that such morphologies indicate the translocation of DNA in different conformations where 
??????????????????????????????????????????????????????????????????????????????partially folded DNA, 
respectively.19,20 However, the presence of two distinct event populations could also indicate 
?? ??????????????????????????????? ???????????????????????????????????????????????????????????????
??? ??????? ????????? ?? ??????? ??????????????? ????????????? ?????? ???? ?????????????? ?an be 
distinguished based on the integrated event area. 
   The event area corresponds to the total charge deficit whilst a molecule passes through the 
pore. For freely translocating DNA molecules (i.e. no surface adsorption), the event area is 
independent of conformation due to the inverse relationship between event duration and 
amplitude.19,21 For a 12 nm SiO2 nanopore, Fologea et al showed ECD scales by L1.34, where L is 
DNA length in base pairs.19 Thus, if two molecules were translocating simultaneously, the 
effective DNA length would be twice as large and therefore the event area approximately 2.5 
times larger. Figure 5.7D shows a histogram of event area fit with a log-normal probability 
distribution function. The distribution contains a single peak with a mean of 28.6 fAs and a full-
width half-maximum (FWHM) of 10.0 fAs. As the distribution contains a single peak, differences 
in event morphology must therefore be due to different conformations of DNA during 
translocation. 
   For further validation, the conformation of DNA was estimated, using a simple geometric 
???????????????????????????????????????????????????????????????????????????????????????????????
was based on two key assumptions. Firstly, surface charge effects such as the increase in 
conductance associated with counter ions along the DNA backbone were neglected, as volume 
exclusion dominates for 1M KCl electrolyte. Secondly, a cylindrical pore and molecule geometry 
were assumed, where a folded DNA molecule is equivalent to a cylinder with twice the diameter 
of a linear DNA strand (2.2 nm 22). Working with these assumptions, the change in pore 
conductance when a cylindrical molecule is present inside the pore can be approximated by 
equation 5.6 and consequently equation 5.7.6   
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5.7 
Where, ??????????????????????????????????L is the pore length; Apore is the cross-?????????????????????????????s is 
the solution conductivity; Amol is the cross-sectional area of the molecule and rMol is the radius of the molecule.  
   Equation 5.7 ???????????????????? ??????????????????????????????????? ????????? ?????????????
????? ???? ???? ?????? ??? ?????? ?????? ?? ????? ???? ???????? ?????????????????????????? ???? ??????? ???
dsDNA is 1.1 nm,22 these values suggest ????? ??????????????????????????????????????????? ???????
and folded DNA conformations, respectively. 
   As was done in chapter 4 (section 4.3), the event frequency was determined by fitting an 
exponential decay to the normalised inter-event time distribution. Figure 5.8 shows the 
translocation frequencies determined via this procedure for biases of 100 ? 200 mV, error bars 
correspond to fit error. The inset of Figure 5.8 shows the inter-event time distribution for 150 mV 
bias fit. Unfortunately, the pore became blocked before more data points could be acquired at 
150 mV bias (total events, 180). Nevertheless, similar to that observed with non-aluminium 
coated membranes in chapter 4 (section 4.3), the plot of the mean event frequency versus the 
applied bias exhibited an approximately linear dependence (R2= 0.94). This indicates that 
translocation is barrier free and therefore diffusion-limited.16,23 This in good agreement with 
literature reports, for instance Chen et al ??????????? ?????-DNA (48.5 kb) and a 15 nm diameter 
pore.24 
  
Figure 5.8 Resistive pulse frequency upon introduction of 5 kb dsDNA (2.6 nM) to a ~19 nm diameter pore and 
application of -100 to -200 mV bias. Recorded using a 1M KCl electrolyte (buffered at pH 7). The inset shows the 
normalised inter-event time distribution at -150 mV, fit with an exponential decay (total events, 180). The same 
fitting procedure was followed for acquisitions at 100 mV (total events, 1163) and 200 mV bias (total events, 
1410). 
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5.3 Independent Optical Detection of dsDNA 
5.3.1 Preparation of DNA solutions  
   For optical detection, DNA must be labelled with a fluorescent dye. YOYO®-1 (Life 
Technologies, Molecular Probes®) was chosen as its absorbance maximum (491 nm) is close to 
the wavelength of the laser (488 nm). YOYO®-1 is a bis-intercalator with an estimated binding 
site size of 4 base pairs per dye.25 This dye is commonly used as it provides good optical SNR 
due its high association constant (Ka > 108 M-1 in 10 mM phosphate buffer26) and up to 3200 fold 
increase of quantum yield when bound to dsDNA.27 Upon intercalation, the contour length of 
DNA increases. Günther et al report a linear increase of the contour length with the binding ratio, 
with a maximum increase of 47 ± 2 % at the saturating staining ratio.26 Consequently, the radius 
of gyration of a DNA molecule is also expected to increase.28 Interestingly, the persistence length 
(50 nm in 0.1 M NaCl29) and therefore rigidity of a DNA molecule remains unchanged. Günther et 
al suggest that this is because the reduced electro-static repulsion between segments of DNA is 
offset by the additional rigidity provided by bis-intercalation.26 Figure 5.9 shows YOYO®-????
molecular structure, absorption and emission spectrum.   
   DNA and YOYO®-1 were incubated at room temperature for 1 hour within a sterilized 10 mM 
Tris?HCl, 1 mM EDTA (pH 7) buffer and eppendorf tube. This buffer was chosen as the 
association constant is reported to decrease with increasing ionic strength (e.g. 3.9 ? 106 M-1 in 
150 mM NaCl30). It should be noted that all solutions were prepared using autoclaved de-ionized 
water (17-??????????? ???????????????????? ??????????????????????? ???????????????? ??????????
also sterilized via autoclaving before handling of DNA. 
 
Figure 5.9 YOYO®-?????????????????????????????????????????????????????????????????????????? ????????????? 
 
   In all translocation experiments, Ag / AgCl electrodes were used to apply a transmembrane 
potential.  As discussed in chapter 2 (section 2.2.1.2), the use of Ag / AgCl electrodes requires 
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chloride ions in solution and a potassium chloride electrolyte was selected. For resistive pulse 
sensing, an electrolyte solution containing 100-1000 mM potassium chloride is often used to 
maximise resisistive pulse SNR. Unfortunately, collisional quenching of quinolone containing 
fluorescent dyes, such as YOYO®-1, by chloride ions arises due to electron transfer.31 For 
example, Figure 5.10 shows photon traces (resolution: 5 ms) for Yoyo®-1 labelled 5 kb DNA (5 
bp : 1 dye) within 10mM Tris?HCl, 1mM EDTA (pH 7) buffer solutions containing 500 mM, 250 
mM and 125 mM KCl. The presence of a diffusing DNA molecule within the optical probe volume 
results in a burst of fluorescence. Collisional quenching increases linearly with the concentration 
of the quencher, as described by the Stern-Volmer law (equation 5.8).32 Consequently a strong 
dependence of the fluorescence intensity on the chloride concentration is exhibited in Figure 
5.10. 
 ??
? ? ? ? ?????? 
5.8 
Where, F0 and F are the fluorescence intensity in the absence and presence of chloride ions respectively, KSV is 
the Stern-Volmer quenching constant and [Q] is the concentration of the quencher (chloride ions).  
  
Figure 5.10 Photon traces (resolution, 5 ms; wavelength, 500-580 nm; laser power, ~5 µW ) for 9 pM Yoyo®-1 
labelled 5 kb DNA (5 bp : 1 dye) diffusing in a 10 mM ????????, 1 mM EDTA (pH 7) buffer. The buffers contain (A) 
500 mM KCl (B) 250 mM KCl and (C) 125 mM KCl.  
   Due to chloride based quenching, a 0.1 M KCl electrolyte was selected for translocation 
experiments. All solutions were buffered using 10mM Tris?HCl, 1mM EDTA (pH 7). This choice of 
conditions is desirable as the ionic strength is close to physiological conditions (100 ? 150 mM33). 
Furthermore, it provided high SNR with a binding ratio of 7.5 base pairs to one YOYO®-1 
molecule. Figure 5.11A shows an example 500 - 580 nm fluorescence photon trace for a ~50 pM 
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DNA solution illuminated at ~4 µW laser power. The SNR is high and is superior to that shown in 
Figure 5.10 due to better detector alignment. The amplitude of the bursts of fluorescence, 
corresponding to a DNA molecule diffusing across the detection volume, were extracted and are 
presented in a histogram within Figure 5.11B. Fitting a log-normal probability distribution function 
to this histogram provided a mean pulse height of 358.3 photons (FWHM: 303.0 photons) per 5 
ms. Figure 5.11C shows the corresponding fluorescence autocorrelation function (ACF). This has 
?????????????????????????????????????? ???????????????5.9).34  
 
???? ? ? ? ?
?
? ?? ?
?
??
?????
??
?? ?
?
????
?????
???
? 
 
5.9 
Where, N is the average number of molecules in the detection volume; K is the aspect ratio of the detection 
??????????????????? ?????????????D is the molecule diffusion time. 
  
Figure 5.11 (A) Photon trace (resolution, 5 ms; wavelength, 500-580 nm; laser power, ~4 µW ) for a ~50 pM 
Yoyo®-1 labelled 5 kb DNA (7.5 bp : 1 dye) diffusing in 0.1 M KCl, 10 mM ????????, 1 mM EDTA (pH 7) buffer 
solution. Bursts of fluorescence correspond to diffusion of DNA across the detection volume. (B) Corresponding 
histogram of the event amplitude, fit with a log-normal probability distribution function. (C) Corresponding 
autocorrelation function (blue line), fit with ????????????????????autocorrelation function model (red line) found in 
reference 35.  
   Fitting equation 5.9 to ACFs collected for three repeats provided a mean molecule diffusion 
time (?D) of 29.0 ± 2.3 ms. Using equation 5.10 and 528.8 nm for the 1/e2 radii of the detection 
volume perpendicular to the optical axis (as determined in chapter 2, section 2.1.2) gives a 
diffusion coefficient of 2.42 ± 0.20 ? 10-12 m2 s-1 at ~ 20 °C. This in good agreement with the 
diffusion coefficient determined by Nkodo et al for a 0.01 M TBE (pH 8.3) buffer: ~2 ? 10-12 m2 s-1 
at 23 °C.36 
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 ??? ? ? ? ?? ? ?? 5.10 
Where, ?0 is the 1/e2 radii of the detection volume perpendicular to the optical axis; Dt is the translational diffusion 
coefficient and ?D is the molecule diffusion time. 
   Similar to Robertson and co-workers, the hydrodynamic radius was approximated from the 
diffusion coefficient using the Stokes-Einstein equation (equation 5.11).37  This provided a 
hydrodynamic radius of 88.6 ± 7.4 nm at 20 °C. 
 ?? ?
???
?????
 5.11 
Where, RH is the effective hydrodynamic radius; KB the Boltzmann constant; T the temperature; ? the solvent 
viscosity and Ve is the effective detection volume.  
5.3.2 Optical Detection of dsDNA with a Nanopore 
   As just described, a 0.1M KCl concentration was selected for optical detection of YOYO®-1 
labelled DNA. Figure 5.12 shows current-voltage (I-V) characteristics for a ~8 nm diameter 
(conductance: 3.85 nS) Py-SiNx?Al nanopore in a 0.1M KCl, 10 mM Tris?HCl, 1 mM EDTA (pH 7) 
buffer.  
  
Figure 5.12 (A) Current-voltage characteristics for a 9 ? 8 nm (x ? y) Py-SiNx-Al platform, recorded in a 0.1 M 
KCl, 10mM ????????, 1 mM EDTA (pH 7) buffer. The TEM image was taken by Hyung-Jun Kim. Scale bar: 10 µm. 
(B) Schematic of the bipolar aluminium-silicon nitride membrane and the electrode orientation. At pH 7, the 
aluminium (Al) and silicon nitride (SiNx) surfaces have a net positive and negative charge, respectively. As a 
result, Cl- accumulates and K+ is depleted at the Al surface, whereas K+ accumulates and Cl- is depleted at the 
SiNx surface. 
   Pore diameters were estimated by assuming a cylindrical geometry and using equation 5.5. 
The surface contribution to pore conductance is significant when using a 0.1 M KCl electrolyte  
and therefore cannot be neglected. For instance, in section 5.3 it was shown that for a cylindrical 
nanopore (diameter: 15 nm, length: 50 nm) with a surface charge of 20 mC m-2, surface effects 
account for only ~4 % of the total conductance when using a 1 M KCl electrolyte (Figure 5.6B). 
For the same pore dimensions, equation 5.5 indicates that the surface contribution accounts for 
~30 % of the total conductance when using a 0.1 M KCl electrolyte (bulk conductivity: 1.2 S m-1 
at 20°C38).16 As before, for this calculation it was assumed that the electrophoretic mobility of K+ 
in the double layer is the same as that in the bulk solution (i.e. 7.616× 10-8 m2 V-1s-1).6  
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5.5 
Where, d is pore diameter; L is pore length???s is solution conductivity???surf is surface charge density and ?k is 
electrophoretic mobility of potassium in the double layer. 
   Unfortunately, the second term within equation 5.5 is not entirely appropriate for Py-SiNx?Al 
platforms due to their bipolar surface charge. At pH 7 the surface of SiNx (pHZC ~5 39) has a net 
negative charge (20 mC m-2 at pH 7 17) whilst the surface of the native aluminium oxide (pHZC ~9 
- 9.5 40,41) has a net positive charge (50 mC m-2 at pH 7.5 42). Hence Cl- accumulates at the metal 
surface, K+ accumulates at the SiNx surface (Figure 5.12B) and when an external electric field is 
applied, the net flow of the double layers along the two surfaces is in opposite directions. An 
effective surface charge density was estimated so that equation 5.5 could still be used to 
estimate a pores diameter. Figure 5.13 shows I-V characteristics for 3 Py-SiNx?Al nanopores in 
the 0.1M KCl buffer and corresponding TEM images. Fitting equation 5.5 to the conductance at 0 
mV bias by fixing the pore diameter to that provided via TEM gave an average effective surface 
charge density of 45.6 ± 9.1 mC m-2. This value was used when characterising Py-SiNx?Al 
nanopores in a 0.1M KCl buffer. Table 5.4 shows the values of effective surface charge 
calculated for the pores shown in Figure 5.13.  
  
Figure 5.13 Current-voltage characteristics for three Py-SiNx-Al platforms, recorded in a 0.1 M KCl, 10mM 
????????, 1 mM EDTA (pH 7) buffer. TEM images (taken by Hyung-Jun Kim) reveal pore dimensions (x ? y) of (A) 
10 ? 8 nm; (B) 9 ? 8 nm and (C) 10 ? 6 nm. Scale bar is equal to 10 µm for all images. 
Pore Pore Dimensions (x ? y) / nm Effective Surface Charge / mC m-2 
A 10 ? 8 55.8 
B 9 ? 8 38.5 
C 10 ?6 42.4 
Table 5.4 Pore dimensions provided by TEM and the corresponding effective surface charge calculated from the 
conductance at 0 mV bias using equation 5.5. 
   Non-linear current voltage charactersitics (i.e. ionic current rectification) was exhibited by a 
high proportion of Py-SiNx?Al nanopores when using a 0.1 M KCl buffer (e.g. Figure 5.13B and 
Figure 5.13C). This can occur for non-cylindrical pores with surface charge and TEM indicated 
that pores sometimes deviated significantly from a cylindrical geometry (e.g. Figure 5.13C).43 It 
should be noted that ionic current rectification may also be a consequence of the biopolar 
membrane charge. Due to the opposing direction of the net double layer flow along the Al and 
SiNx membranes, ions may accumulate and deplete at the junction between the Al and SiNx 
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membranes at positive and negative bias, respectively (Figure 5.12B),.43 To reduce the effect of 
ionic current rectification, pore diameters were always calculated from the pore conductance at 0 
mV bias.  
   Figure 5.14 shows example photon traces (1 ms resolution, wavelength: 500-580 nm, laser 
power: ~17 µW) after introduction of labelled 5 kb ds???????????????????????????????????????????
diameter nanopore (conductance: 12.5 nS, TEM image unavailable) and application of 0 mV, 200 
mV and 300 mV bias. For 200 mV and 300 mV biases, bursts of fluorescence are visible. These 
correspond to a translocating DNA molecule entering the optical probe volume. As anticipated, 
the frequency of events increases with potential (200 mV: 2.65 Hz, 300 mV: 3.47 Hz). The 
absence of any bursts of fluorescence and low background photon noise (4.13 ± 2.09 photons 
per ms) at 0 mV bias shows: firstly, no translocation events are occurring; secondly, the platform 
architecture (i.e. Al membrane thickness and pore diameter) sufficiently reduces transmittance of 
light across the pore and membrane. 
  
Figure 5.14 Photon traces (1 ms resolution, wavelength: 500-580 nm) upon application of (A) 0 mV, (B) 200 mV 
and (C) 300 mV bias to a ~ 23 nm diameter pore (conductance: 12.5 nS). These were recorded using Yoyo®-1 
????????????????????????????????????????????????????????????????????????electrolyte (buffered at pH 7). 
   Using MATLAB (see chapter 2 for more details) burst amplitude and duration were extracted 
and are presented within the contour plots and histograms in Figure 5.15. Histograms of the 
event amplitude were fit with Gaussian probability distribution functions. The SNR is high: the 
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ratio of mean burst height (200 mV: 57.0 ± 23.2 photons per ms; 300 mV: 65.6 ± 28.6 photons 
per ms) to background photon counts (200 mV: 3.7 ± 1.3 photons per ms; 300 mV: 3.3 ± 0.7 
photons per ms) is 15.6 ± 8.5 and 19.9 ± 9.6 for 200 mV and 300 mV, respectively.    
   Once a molecule leaves the pore, it is detected optically until it has left the focal plane via a 
combination of electrokinetic phenomena and diffusion.9 This may involve movement of the 
molecule laterally and/or axially until out-of-focus. Interestingly, dwell time increased with 
potential. Fitting a log-normal probability distribution function to histograms of burst duration 
provided a mean dwell time of 49.76 ms (FWHM: 40.40 ms) and 103.08 ms (FWHM: 90.91 ms) 
for 200 mV and 300 mV bias, respectively. This suggests that at higher electric field strengths, 
axial diffusion of translocated DNA molecules increases. The radius of the confocal detection 
volume in the optical axis (Z0) is larger and therefore this phenomenon would increase burst 
duration.   
  
Figure 5.15 Contour plots of event amplitude (photons per millisecond) versus dwell time for (A) 200 mV (total 
events, 800) and (B) 300 mV bias (total events, 661). Figure adapted from reference 18. Corresponding 
histograms of event amplitude and dwell time are fit with Guassian and log-normal probability distribution 
functions, respectively.  
5.4 Synchronized Optical and Electrical Detection of dsDNA 
   For synchronized detection, a 0.1M KCl electrolyte (buffered at pH 7) and a binding ratio of 7.5 
base pairs to one Yoyo®-1 molecule was once again used. Synchronization was demonstrated 
most successfully, with a platform containing two pores with dimensions of ~8 ? 12 nm and ~6 ? 
7 nm (w ? h), separated by ~61 nm. Figure 5.16 shows a TEM image and corresponding current-
voltage characteristics. Equation 5.5 provides an effective pore diameter of ~19 nm using the 
conductance at 0 mV bias (9.1 nS), which is appropriate considering the dimensions of the two 
pores. 
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Figure 5.16 Transmission electron microscope (TEM) image and current-voltage characteristics of a device 
containing two pores. (A) TEM image of the platform, labels indicate pore 1 (w ? h: ~8 ? 12 nm) and pore 2 (w ? 
h: ~6 ? 7 nm). Scale bar: 20 nm. Image taken by Hyung-Jun Kim.(B) Current?voltage trace collected using a 0.1 
M KCl buffer (pH 7) shows a conductance of 9.1 nS at 0 mV. 
   Figure 5.17 shows a sample of the recorded optical fluorescence (resolution: 2 ms, 
wavelength: 500 - 580 nm) and ionic current signals at ~16 µW laser power after introduction of 
labelled 5 kb dsDNA (0.790 nM) and application of -400 mV bias. Visual inspection suggests the 
two signals are synchronized.  
  
  
Figure 5.17 Baseline adjusted ionic current and photon trace for Yoyo®-?? ??????????????????????????? ?????????
translocation detection at  400 mV bias and ~17 µW laser power  using two pores (~10 nm and 6 nm diameter, 
total conductance: 9.1 nS) and a 0.1 M KCl electrolyte. Figure adapted from reference 18. 
   A total of 206 events were detected electronically and a total of 191 events were detected 
optically: a synchronized detection efficiency of 92.7%. The lower number of optical events is in 
part due to the amalgamation of consecutive events. This is a consequence of the longer dwell 
time of DNA molecules within the optical detection volume. For instance, within Figure 5.17 there 
are 3 consecutive events beginning at ~7.56 s, which are almost indistinguishable. A detection of 
efficiency of 93.7% was achieved if such events are accounted for. The efficiency could be 
improved by using a fluorescent dye which is not quenched by halides (e.g. Alexa Fluor® 488, 
Life Technologies) but this was not considered necessary for this proof of principle experiment.  
   Although visual inspection of optical and electrical signals suggests they are synchronized, this 
was verified via cross-correlation. As a high percentage of electrical events were biphasic, the 
optical signal was cross-correlated with both the decreases and increases of ionic current 
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associated with DNA translocation. This was enabled by truncating the electrical signal below a 
threshold such that only the decreases or increases of ionic current were present. Due to the 
irregular shape and duration of the optical events, they were replaced with normalised pulses the 
same duration as the corresponding decrease or increase in ionic current. Figure 5.18A shows 
cross-correlation of the optical signal and decreases in ionic current for the data set shown in 
Figure 5.17. A single peak is present, which indicates molecules were detected optically 80 µs 
after the initial decrease in ionic current begins. Cross-correlation with the increases of ionic 
current also yielded a single peak, which indicated that molecules were optically detected 109 µs 
before the increase of ionic current begins (Figure 5.18B). In section 5.1.1, it was shown that for 
a 10 nm diameter ZMW, within a perfect conductor, a reduction of the electromagnetic field 
intensity by 93.6% is predicted at a depth of 5 nm, which increases to 99.6% at a depth of 10 nm. 
Although attenuation is lower for real metals due to a finite skin depth, this suggests the optical 
detection volume will be confined to the far region of the pore.2 Cross-correlation therefore 
suggests the increase of ionic current is associated with the latter stages of DNA translocation 
(i.e. exit) and the decrease of ionic current occurs during translocation of a molecule.  
  
Figure 5.18 Cross-correlation of the optical events ????????????????????????????????- 580 nm) and the associated 
(A) decrease and (B) increase in ionic current for the data set shown in Figure 5.17. Figure adapted from 
reference 18.    
   Figure 5.19 shows histograms of the duration, amplitude and area for both the decreases and 
the increases in ionic current associated with DNA translocation. Histograms of event amplitude 
and area were fit with Gaussian and log-normal probability distribution functions (PDFs), 
respectively.  Histograms of the duration of decreases and increases in ionic current were fit with 
Ling ??? ???? 1D linear translocation PDF (equation 5.12) and log-normal PDFs, respectively.44 
Table 5.5 shows the mean event parameters extracted via these fitting procedures.  
 ????? ?
?
??????
?
????????
???  
5.12 
Where, t is the pulse duration, v is the drift velocity, L is the molecule length and D is the diffusion coefficient. 
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Figure 5.19 Histograms of event parameters for the decreases and increases of ionic current associated with 
Yoyo®-?? ????????? ?? ??????? ????????? ?? ?? ????? translocation. Data collected using -400 mV bias, ~17 µW laser 
power, a 0.1 M KCl (pH 7) buffer and a platform containing two pores (~10 nm and 6 nm diameter, total 
conductance: 9.1 nS). (A) and (B) Histograms of the duration of decreases and increases of ionic current, fit with 
Ling et al and log-normal PDFs, respectively.44 (C) and (D) Histograms of the area of decreases and increases of 
ionic current respectively, fit with log-normal PDFs. (G) and (H) Histograms of the amplitude of decreases and 
increases of ionic current respectively, fit with Gaussian PDFs. Charts constructed from a total of 131 decreases 
and 160 peaks in ionic current. Figure adapted from reference 18. 
 -400 mV 
 Decrease Increase 
N 131 160 
Td / ms 0.283 (FWHM: 0.248) 0.091 (FWHM: 0.055) 
??????? 196.4 ± 67.8 197.0 ± 37.9 
ECD / fA.s 30.7 (FWHM: 32.0) 12.4 (FWHM: 10.1) 
Table 5.5 Mean event parameters for the decreases and increases of ionic current associated with Yoyo®-1 
labelled 5 kb ds??????????????????????translocation. Mean parameters determined from the fits to the parameter 
distributions shown in Figure 5.19.  
 
   As discussed in chapter 4 (section4.3), biphasic events may be a consequence of a number of 
mechanisms. Cross-correlation of the optical and electrical signal indicated decreases of ionic 
current occur during translocation of a molecule. A net reduction in the flux of ions could be due 
to both electro-static effects and volume exclusion of electrolyte ions caused by the presence of 
DNA strand(s) in the pore and the access resistance region.45?47 Previous reports have shown 
current increases for dsDNA translocation when using 0.1 M KCl due to the flow of counter-ions 
along the DNA backbone dominating when the electrolyte concentration is low.6 As decreases of 
ionic current were not observed for 36.9% of events, the mechanism responsible may depend on 
DNA conformation.  
   As the mechanism responsible for decreases of ionic current remains unclear, conformational 
analysis is difficult. The mean amplitude of the decreases in ionic current was 196.4 ± 67.8 pA 
(Figure 5.19E). The geometric model described in section 5.2 (equation 5.7) gave a 
corresponding molecular diameter of ~5.1 nm. Considering the diameter of dsDNA (2.2 nm22), 
this suggests that decreases of ionic current correspond to DNA molecules translocating in a 
predominately folded conformation. This is perhaps suprising considering the pore dimensions 
(~8 ? 12 nm and ~6 ? 7 nm) and persistence length of DNA in 0.1 M NaCl (~50 nm).29 As this 
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conformational analysis is based on volume exclusion of electrolyte within the pore alone and 
neglects possible electrostatic effects and the contribution of counter-ions along the DNA 
backbone, it was assessed via analysis of the duration distribution (Figure 5.19A).42  
   Fitting the distribution of event durations with Ling ??????? 1D linear translocation PDF (equation 
5.12) gave a molecule length of 1.064 µm and a mean translocation time and drift velocity of 
0.283 ms and 3.76 mm s-1 respectively, which are in reasonable agreement with literature.20,48 As 
the length of unfolded 5 kb dsDNA is 1.7µm; this fitting procedure therefore also suggests that 
decreases in current are associated with the translocation of folded DNA molecules. It should be 
noted that Ling ??? ???? PDF neglects the effects of pore-DNA interactions and electro-osmotic 
flow, which may be significant considering the small pore dimensions and ionic strength (0.1M 
KCl).44 Indeed, the long translocation duration with respect to that observed within 1M KCl (see 
section 5.3) may be a result of aluminiums surface charge being less shielded at lower ionic 
strength. As aluminium has a net positive charge at pH 7, favourable electrostatic interactions 
could slow DNA translocation.41,49 The precision of the molecule length provided by fitting may 
therefore be low. 
 
?? ?
???????
? ?? 
5.7 
Where????????????????????????????????????L is the pore length; Apore is the cross-?????????????????????????????s is 
the solution conductivity; Amol is the cross-sectional area of the molecule and rMol is the radius of the molecule.  
   The mean duration and amplitude of increases of ionic current were 91 µs (FWHM: 55 µs) and 
197.0 ± 37.9 pA respectively. A number of factors could cause the increase of ionic current such 
as the release of accumulated electrolyte ions at the pore entrance,50 electrostatic enhancement 
of counter-ion concentration at the pore exit or the flow of ions along the DNA backbone during 
translocation (see chapter 4 for more details).6,45,47 The nanopore dimensions (~10 nm and ~6 
nm) are larger than that of a single DNA molecule (~2.2 nm diameter22) so increases in ionic 
current due to the release of accumulated electrolyte ions at the pore entrance (as reported for 
sub-3 nm diameter pores51) can be rejected. The precise mechanism remains unclear but cross-
correlation suggests it only dominates in the latter stages of translocation. An increase in ionic 
current is observed for 77.7 % of events (160 events). The absence of an increase for 22.3 % of 
events may be a consequence of differing conformations of DNA during translocation or upon 
leaving the pore. Unfortunately, this hypothesis cannot be confirmed from the optical signal. The 
large size of the optical probe volume means the bulk of the signal corresponds to DNA diffusion 
in free solution and thus any difference in the conformation of DNA upon exiting the pore is 
obscured. 
   A single population was present within the 191 optical events detected. Figure 5.20 shows 
histograms of event amplitude and duration, both fit with log-??????????????Table 5.6 shows the 
mean parameters extracted from the fits. This analysis gave a mean duration of 0.152 s (FWHM: 
0.110 s), which corresponds to an increase in duration by a factor ~500 with respect to the mean 
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duration of the decreases in ionic current associated with DNA translocation. This is because 
DNA molecules are detected optically until they diffuse sufficiently laterally or axially away from 
the focal plane. This analysis also showed the SNR is high: the ratio of mean pulse height (178.0 
photons per 2 ms) to background photon counts (27 photons per 2 ms) is 6.6.  
  
Figure 5.20 Histograms of optical event parameters associated with Yoyo®-??????????????????????????????????????
translocation. Data collected using -400 mV bias and ~17 µW laser power. (A) and (B) Histograms of the optical 
event amplitude and duration respectively, both are fit with a log-??????????????Figure adapted from reference 
18. 
 Optical Events 
N 191 
TD / s 0.152 (FWHM: 0.110) 
Amplitude / Photons per 2 ms 178.0 (FWHM: 172.7) 
Table 5.6 Mean optical event duration (?D) and amplitude (photons per 2 ms) associated with Yoyo®-1 labelled 5 
kb DNA (7??????????????????????????????????????????????????????????????? the fits to the parameter distributions 
shown in Figure 5.20. 
   This experiment demonstrated that synchronized optical and electronic detection of 
biomolecules is possible using the pyrex-based platform. The experiment described above was 
the most successful demonstration of synchronized detection. Unfortunately, a number of factors 
made accomplishing synchronized optical and electrical detection difficult. The following section 
will describe the problems encountered and the strategies used to mitigate these issues as well 
as potential methods for further optimization. 
5.5 Experimental Challenges 
   A protective oxide film (Al2O3) with a thickness of, typically, a few nanometres forms 
spontaneously on the aluminium membrane when exposed to air or aqueous solutions.40,52 
Unfortunately, the presence of defects within this film leads to pitting corrosion of the bulk 
aluminium.40,52,53 This was the most significant impediment to accomplishing synchronized 
optical and electrical detection. 
   Pitting corrosion is a result of electrochemical reaction at the aluminium surface exposed by 
defects. Oxidation of aluminium occurs (reaction 5.13) and H+ protons or oxygen, present in the 
aqueous solution, are reduced via reactions 5.14 and 5.15, respectively.52,53 
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 ??? ? ????? ? ??? 5.13 
 ??? ? ??? ? ??? 5.14 
 ? ?? ?? ? ???? ? ??
? ? ???? 5.15 
 
 
   Overall, these reactions lead to the production of aluminium hydroxide (via reactions 5.16 and 
5.17), which is then dissolved via reaction 5.18.52?54 
 ?? ? ???? ? ??????? ? ??? 5.16 
 ??? ? ? ?? ?? ? ???? ? ????????? 5.17 
 ??????? ????? ???????? 5.18 
 
   Unfortunately this phenomenon is enhanced by the presence of chloride ions and an external 
electrical field.40,55 For example, Figure 5.21 shows differential interference contrast (DIC) 
images and current-voltage characteristics for a platform before and after use with a 1M KCl, 
10mM Tris?HCl, 1 mM EDTA (pH 7) buffer. After only ~20 minutes of use, the pore conductance 
increases from 22.8 nS to 944 nS. The DIC image within Figure 5.21B (inset) reveals corrosion is 
highly localized and centred on the free-standing membrane.  
  
Figure 5.21 (A) Differential interference contrast (DIC) image of a Py-SiNx?Al platform. The red circle indicates 
the free standing membrane. Scale bar: 3.8 µm. (B) Current-voltage (I-V) characteristics for a Py-SiNx?Al 
nanopore using a 1M KCl, 10mM ????????, 1 mM EDTA, pH 7 buffer. The blue line shows the initial I-V 
characteristics (conductance at 0mV, 22.8 nS) and the red line shows the I-V characteristics (conductance at 0 
mV, 944 nS) after ~20 minutes of use. The inset shows a DIC image of the corroded aluminium membrane. 
Scale bar: 8.5 µm. 
   Corrosion was minimised by using neutral pH buffer and 0.1 M KCl electrolyte (which was also 
needed to reduce chloride-based fluorescence quenching). Nevertheless, it remained a serious 
issue as the average lifetime of a platform did not exceed ~ 1 hour. Corrosion was indirectly 
observed via an increase in pore conductance (Figure 5.21B) which prevented electronic 
detection (Figure 5.22A) and ultimately an increase in the transmittance of light (Figure 5.22C).  
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Figure 5.22 (A) and (B) Ionic current and photon trace (1 ms resolution, wavelength: 500-580 nm) upon 
application of 400 mV bias to a ~13.1 nS nanopore. Recorded using ~15 µW laser power. Bursts of fluorescence 
correspond to DNA detection. No translocation events are detected within the electrical channel due to corrosion 
reducing the SNR. (C)Photon trace (1 ms resolution, wavelength: 500-580 nm) upon application of 500 mV bias 
to a 5.2 nS nanopore. Recorded using ~2 µW laser power. Peaks correspond to DNA detection. The orange 
region indicates an irreversible increase in the background signal due to corrosion of the aluminium membrane. 
All data collected using Yoyo®-1 labelled 5 kb dsDNA ????????????????????? a 0.1 M KCl electrolyte (buffered at 
pH 7). 
   An alternative solution to corrosion would be to deposit a thicker Al2O3 layer via atomic layer 
deposition (Figure 5.23).56 A thicker oxide layer would increase corrosion resistance, although a 
reduction in resistive pulse amplitude would be expected due to the increase in pore length.6 This 
modification was deemed unnecessary for the proof of principle experiments described within 
this thesis but will be employed in future work.  
  
Figure 5.23 A schematic of the aluminium (Al)-silicon nitride (SiNx) membrane with an additional 10 nm thick 
aluminium oxide (Al2O3) passivation layer. 
   An additional obstacle to achieving synchronized optical and electrical detection was pores 
becoming blocked by translocating DNA molecules. Aluminium has a net positive charge at pH 7 
as its isoelectric point is between pH 9 and pH 9.5.40 Consequently, translocating DNA molecules 
are electrostatically attracted to the aluminium surface and surface adsorption followed by pore 
blockage can arise. A potential solution to this problem is surface functionalization with 
poly(ethylene glycol) (PEG). PEG is a linear, neutral polymer that is frequently used to reduce 
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surface adsorption of biomolecules.57 As discussed in chapter 3 (section 3.5), preliminary work 
was conducted on functionalising nanopore platforms with PEG via surface-initiated atom 
transfer radical polymerisation (SI-ATRP) and this will be pursued further in the future. 
5.6 Conclusion  
   We believe that the application of a confocal microscope to a hybrid nanopore-ZMW platform is 
the most powerful technique for directly probing a single nanopore. In this chapter, the 
development and application of a pyrex based hybrid nanopore-ZMW platform has been 
presented.   
   Independent optical and electrical measurements of 5 kb dsDNA translocation show the high 
SNR provided by the platform. For instance we demonstrate that different DNA folding states can 
be distinguished via resistive pulse sensing and that optical detection can provide SNRs of up to 
19.9 ± 9.6 with a binding ratio of 7.5 base pairs to one Yoyo-1 (temporal resolution: 0.5 ms).  
   Significantly, synchronized optical and electrical detection of 5 kb dsDNA using a confocal 
microscope is also presented (the first instance with a hybrid nanopore-ZMW platform). Cross-
correlation of the optical and electrical signal showed the effective optical detection volume is 
indeed confined to the nanopore.  
   The main obstacles to accomplishing synchronized detection (pitting corrosion and pore 
blockage) have also been introduced and potential surface modifications, to alleviate these 
issues, postulated. Provided these issues are addressed, the platform has an array of potential 
applications. These will be discussed in the following chapter.  
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6.1 Project Aim 
   The aim of this project was to synchronize optical and electrical detection of biomolecules 
using a confocal microscope and a hybrid nanopore-zero mode waveguide based on a novel-low 
noise platform. The motivations behind this work were as follows. Firstly, the integration of 
additional detection methods can provide complementary information to traditional resistive pulse 
sensing and increase structural resolution. Fluorescence spectroscopy was selected as 
fluorescent labels can be used to discriminate molecules within heterogeneous solutions or 
identify different regions of a molecule and a number of molecular properties can be studied such 
as local environment (via fluorescence quenching) and molecular distance (via FRET).1?4 
Secondly, coupling a confocal microscope with a hybrid nanopore-zero mode waveguide is 
perhaps the most powerful method for probing a single nanopore due to the high sensitivity of 
avalanche photodiodes (i.e. single photon resolution and kilohertz to megahertz sampling rates) 
and small detection volume. Finally, commonly used Si substrate based nanopore sensors 
exhibit high ionic current noise under laser illumination.5 This severely limits their applicability to 
high-laser-power, high-bandwidth simultaneous optical and electronic measurements. The desire 
to increase structural resolution and the range of molecules which can be studied via resistive 
pulse sensing means there is a continual drive within the nanopore community for low-noise, 
high-bandwidth measurements. Hence, the use of a novel low-noise platform was pursued. A 
summary of the work conducted will be provided next. 
6.2 Summary of Achievements  
   In chapter 2, the key instrumentation for synchronizing optical and electronic detection of 
biomolecules was outlined. This included discussion of the hardware used for synchronizing 
optical and electrical data acquisition. Two key characterisation steps are described. Firstly, the 
lag between optical and electric data acquisition is characterised and synchronization confirmed. 
Secondly, the size of the confocal detection volume is estimated and shown to be sufficient for 
single-molecule detection. 
   Chapter 3 detailed the fabrication procedure for both Si and pyrex substrate-based SiNx 
platforms. The substantial difference in these platform?s chip capacitance, high frequency ionic 
current noise and photo-induced ionic current ???????????????????? ??????????? ??????????? ?????
resistivity provided chip capacitances of 5 ? 10 pF in 1 M KCl whilst chips with a bulk Si substrate 
had capacitances of 8.7 nF ± 0.5 nF. As a result, pyrex based platforms exhibit low magnitude 
high frequency dielectric and input capacitance noise and sub-5 pA values for the standard 
deviation of the ionic current were the norm at 0 mV and 10 kHz bandwidth. In addition to 
lowering high frequency noise, the absence of a bulk Si substrate meant photo-induced ionic 
current noise was significantly lower for pyrex based devices. For instance, in section 4.2.3.2, 
~29 nm diameter pores in pyrex and Si substrate-based platforms are compared. At 0 mV bias 
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with the laser turned off, the standard deviation of ionic current was 4.02 ± 0.02 pA and 26.9 ± 
0.9 pA for the pyrex and Si platforms, respectively. At ~600 µW laser power, a sub-pA increase 
of the standard deviation of ionic current was observed for the pyrex device. In stark contrast to 
this, we show an increase of ~780 pA for the Si platform due to suspected photo-induced 
electrochemical reactions at the Si-electrolyte interface.5,6 This section concludes by showing 
pyrex based platforms provide ionic current measurements at a noise floor defined by the 
magnitude of conductance change induced by laser illumination.  
   Chapter 4 also contains a comparison of pyrex based platform properties to optimised Si based 
platforms, reported elsewhere in the literature. The different methods employed for reducing Si 
substrate-based platform?s chip capacitance are described in section 4.1.4. With the exception of 
the complex devices fabricated by Balan et al,7 the effective chip capacitances provided by a 
pyrex substrate are comparable to the lowest reports for optimised Si platforms containing an 
intermediate SiO2 layer and silicone elastomer coating on the chip surface (6-25 pF).8 Reports in 
the literature suggest incorporation of an intermediate SiO2 layer can mitigate photo-induced 
noise.9?11 Due to differences in experimental set-up, care should be taken when comparing the 
noise performance of pyrex based platforms to these devices. Nonetheless, we present lower 
magnitude ionic current noise than current reports using similar optical configurations. For 
instance, Di Fiori et al report that the RMS noise at 300 mV and 100 kHz bandwidth for an 8 nm 
diameter nanopore (length: 30 nm) was ~182 pA with the laser switched off and ~195 pA at ~5 
mW laser power (wavelength: 532 nm) when using a 0.1 M KCl electrolyte.12 For an ~8 nm 
diameter Py-SiNx nanopore, at ~5 mW laser power and 100 kHz bandwidth, an RMS current of 
only 22.5 pA and 27.3 pA mV was estimated at 0 mV and 200 mV bias, respectively.  
   In addition to the above noise analysis, in chapter 4, proof-of-principle electronic 
measurements of the translocation of 5 kb dsDNA with and without laser illumination are 
presented, which confirm the viability of the pyrex based platform for single-molecule detection. 
   Finally, in chapter 5 the design considerations and extra fabrication steps required for using a 
pyrex based platform as a hybrid nanopore-zero mode waveguide are described. Independent 
optical and electrical measurements of 5 kb dsDNA translocation demonstrate the high SNR 
provided by the platform. We show that different DNA folding states can be distinguished via 
resistive pulse sensing and that optical detection can provide signal-to-noise ratios of up to 19.9 
± 9.6 with a binding ratio of 7.5 base pairs to one Yoyo-1 (temporal resolution: 0.5 ms). 
Synchronized optical and electrical detection of 5 kb dsDNA using a confocal microscope is also 
presented. This is the first report of synchronized optical and electrical detection using a confocal 
microscope and hybrid nanopore-zero mode waveguide platform. Cross-correlation of the 
electrical and optical signals confirmed that the effective optical detection volume is indeed 
confined to the nanopore. The main obstacles to accomplishing synchronized detection (pitting 
corrosion and pore blockage) are also introduced and potential solutions postulated. To reduce 
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corrosion, passivation of the aluminium surface with a thicker aluminium oxide layer will be 
investigated in the future. 
6.3 Future Work 
   One area of on-going research is incorporation of Förster resonance energy transfer (FRET) 
measurements. FRET provides a probe of molecular distance and is a popular method in the 
single molecule community for studying the folding state of biomolecules and molecular 
interactions within complexes.13,14 As resistive pulse sensing provides a measure of a molecule?s 
length and cross-sectional area, synchronized electrical and optical measurements using FRET 
could provide enhanced analysis of molecular conformation and interactions. Aside from the two 
techniques providing complementary information, conducting FRET measurements using a 
hybrid nanopore-zero mode waveguide has a number of distinct advantages. Firstly, molecules 
can be delivered precisely into the centre of the confocal detection volume, increasing the SNR 
of fluorescence bursts and consequently FRET resolution.15 Secondly, the reduced detection 
volume enables single-molecule detection at micromolar analyte concentrations.16 Picomolar to 
nanomolar analyte concentrations are typically required for single-molecule detection in free 
solution using diffraction-limited optics. A higher concentration limit is beneficial as numerous 
protein-DNA and protein-protein interactions have dissociation constants on the order of a 
micromolar.17 Finally, modifications to the metallic layer can result in an increase in the intensity 
of fluorescence.18,19  
   To assess the feasibility of synchronized electrical and optical detection using FRET, 
preliminary single-molecule FRET experiments were conducted. A brief introduction into FRET 
will be provided below before discussion of the findings.  
6.3.1 Single-molecule FRET 
   ????? ?????????? ???? ????????? ??? ??????? ????? ??? ???????? ???????? ???????????? ??? ?? ?????????
???????????????????????via a non-radiative dipole-dipole interaction.20 This mechanism leads to 
excitation of the acceptor chromophore and relaxation of the donor chromophore to its ground 
state. The FRET rate constant and efficiency are given by equations 6.1 and 6.2, respectively. 
Figure 6.1A shows a plot of FRET efficiency as a function of the distance between an acceptor 
and donor. The distance at which the transfer efficiency is 50% is known as the Förster distance 
(R0) and is typically ~ 5 nm.20 Once excited, the acceptor chromophore can return to its ground 
state through fluorescence. It is common for the FRET transfer efficiency to be calculated using 
the intensities of acceptor and donor fluorescence via equation 6.3. The correction factor 
accounts for differences in acceptor and donor quantum yield or detection efficiency and is 
frequently assumed to be 1.1 As the FRET efficiency is inversely proportional to the 6th power of 
Chapter 6 
  
144  
  
the distance between two chromophores, it can be used to characterise inter- or intra-molecular 
distances from 3-10 nm.1,20?22  
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6.3 
Where, kFRET ???????????????????????????????????????D is the fluorescence life time of the donor fluorophore; r is the 
distance between the donor and acceptor; RO is the Förster distance (the distance at which 50% of excess 
energy is transferred to the acceptor, typically ~5 nm 20); ? is a correction factor; IA is the acceptor fluorescence 
intensity and ID is the donor acceptor fluorescence intensity. 
  
Figure 6.1 (A) Plot of the FRET transfer efficiency as a function of the distance between an acceptor and donor 
chromophore. Values were calculated using equation 6.2 and a Förster distance of 5 nm. (B) Photoluminescence 
from an aluminium coated Py-SiNx platform immersed in a 250 mM KCl, 10 mM Tris?HCl, 1 mM EDTA (pH 7) 
buffer. The average photon count as a function of laser power within the green (wavelength: 500 - 580 nm) and 
red channel (wavelength: 640 - 800 nm) is shown. Error bars correspond to the photon count standard deviation. 
Both sets of data are fit with a straight line (R2 = 0.99). The inset shows photoluminescence from a 250 mM KCl, 
10 mM Tris?HCl, 1 mM EDTA (pH 7) buffer alone.  
   Preliminary experiments were conducted to assess the viability of FRET detection with a hybrid 
zero mode waveguide-nanopore. Firstly, background fluorescence was characterised as a 
function of laser power. The confocal microscope was focused on the aluminium membrane and 
the average photon count calculated from 10 s acquisitions at laser powers up to ~1 mW. Figure 
6.1B shows a plot of the average photon count versus laser power for the green (wavelength: 
500 - 580 nm) and red channel (wavelength: 640 - 800 nm). The error bars correspond to the 
standard deviation. An approximately linear response of photoluminescence to laser power is 
observed for both channels (R2 = 0.99). For ~1 mW laser power, the number of photons detected 
within the red channel is approximately one order of magnitude higher than that detected within 
the green channel. Sources of photon noise include shot noise (associated with the discrete 
influx of photons); Raman and Rayleigh scattering from the solvent and photoluminescence of 
the aluminium membrane.22?24 If the microscope was focused above the membrane, the photon 
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count rate dropped substantially. The inset of Figure 6.1B shows the number of photons detected 
in the green and red channel from the buffer alone. For both channels, the background noise is 
below 4 photons per ms across the entire laser power range. This suggests the high background 
noise is a result of membrane photoluminescence. Photoluminescence of metals occurs due to 
the recombination of electrons and holes. Briefly, absorption of a photon by a d-band electron 
produces a hole as the electron is promoted above the Fermi level. A photon is emitted when a 
conduction band electron fills the hole.23,24 
   After characterising background fluorescence, single-molecule FRET measurements were 
conducted to evaluate whether the SNR would be sufficiently high. These proof-of-principle 
experiments were conducted in bulk solution using the phosphorylated kinase-inducible domain 
(pKID) of the CREB protein (a transcription factor implicated in memory formation).25 
Transcription is promoted via the interaction of pKID ???????????????????????????? ????????????
???????????????26 pKID is an intrinsically disordered protein (IDP) with a molecular weight (MW) of 
~6.8 kDa and isoelectric point (pI) of ~4.5.27 IDPs are crucial to intra-cellular signalling pathways 
where they have multiple binding partners. By definition, they have a wide range of potential 
conformations under physiological conditions. As these conformations are similar in free energy, 
IDPs lack a well-defined structure and interconvert between different conformations.21,28 
Synchronized optical (FRET) and electrical measurements are an ideal technique for 
investigating this structural heterogeneity.  
   Figure 6.2A shows a schematic of the FRET experiment. Fluorescently labelled pKID was 
supplied by Per Jemth from Uppsala University. The acceptor and donor fluorophores are 
positioned at the terminals of the protein and are ATTO 488 (ATTO-TEC, absorbance max: 501 
nm, emission max: 523 nm) and ATTO 590 (ATTO-TEC, absorbance max: 594 nm, emission 
max: 624 nm) respectively. Figure 6.2B shows the absorption spectrum of ATTO 488 overlaps 
with the emission spectrum of ATTO 590 (a prerequisite for FRET20). The FRET experiment 
consisted of illuminating pKID with 488 nm wavelength light, which results in the excitation of 
ATTO 488, and measuring fluorescence within both the green (wavelength: 500 - 580 nm) and 
red channel (wavelength: 640 - 800 nm). 
  
Figure 6.2 (A) Schematic of the single-molecule FRET experiment conducted. pKID labelled with ATTO 488 and 
ATTO 590 is illuminated with 488 nm wavelength laser light. FRET results in fluorescence of ATTO 590. (B) The 
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absorption (Ab.) and emission (Em.) spectrum of ATTO 488 and ATTO 590. Data was supplied by the 
manufacturer (ATTO-TEC). 
   Figure 6.3A shows an example photon trace (0.5 ms resolution) for both the green 
(wavelength: 500 - 580 nm) and red channel (wavelength: 640 - 800 nm) collected using a ~1 nM 
pKID solution and ~581 µW laser power. Bursts of fluorescence are observed when pKID 
diffuses across the confocal detection volume. Peaks in the green channel are due to ATTO 488 
fluorescence. Peaks in the red channel are primarily a result of ATTO 640 fluorescing via FRET. 
The emission spectrum shown in Figure 6.2B shows ATTO 488 fluorescence could also be 
detected in the red channel. However, the relative intensity of 640 nm wavelength emission is 
only 0.028, which suggests this will be negligible. 
  
Figure 6.3 (A) Photon traces (resolution: 0.5 ms, laser power: ~581 µW) for ~1 nM pKID diffusing in de-ionized 
water. Green and red data corresponds to fluorescence in the red (wavelength: 500 - 580 nm) and green 
(wavelength: 500 - 580 nm) channel, respectively. (B) Corresponding histogram of event amplitude for the green 
channel fit with a log-normal probability distribution function. (C) Corresponding histogram of event amplitude for 
the red channel fit with a log-normal probability distribution function. 
   The amplitude of events in both channels was extracted using MATLAB (see chapter 2 for 
more details). Figure 6.3B and Figure 6.3C shows histograms of the event amplitude in the green 
and red channel, respectively. Fitting with a log-normal probability distribution function revealed a 
mean event amplitude of 17.2 photons per 0.5 ms (FWHM: 14.1 photons) within the green 
channel and 30.4 photons per 0.5 ms (FWHM: 31.1 photons) within the red channel. The higher 
mean amplitude of events in the red channel indicates an average FRET efficiency above 0.5. 
The FRET efficiency was calculated from simultaneous events using equation 6.3 (the correction 
factor was assumed to be 1). Figure 6.4 shows the distribution of FRET efficiencies had a most 
probable value of 0.8 ± 0.025. The broad distribution suggests a range of conformations, as 
expected for an intrinsically disorder protein.  
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Figure 6.4 Distribution of FRET efficiencies measured for ~1 nM pKID diffusing in open solution. 
   Figure 6.1B suggests that at ~581 µW laser power the standard deviation of the background 
fluorescence from the nanopore platform would be 1-2 photons and 3-4 photons per 0.5 ms in 
the green and red channel, respectively. As the average amplitude of fluorescence bursts in both 
channels is greater than the fluctuations in background fluorescence, FRET measurements using 
a nanopore should therefore be possible. An additional analysis step would need to be 
incorporated, whereby background fluorescence is subtracted from the measured signal. The 
linear fits to Figure 6.1B show this would be ~4 photons and ~34 photons per 0.5 ms within the 
green and red channel, respectively. It should be noted that this conclusion assumes the 
intensity of fluorescence will be the same within the nanopore as in bulk solution. Depending on 
the aperture diameter and fluorophore, quenching of fluorescence intensity has been reported 
when using sub-wavelength metallic apertures due to non-radiative energy transfer to the metals 
free electrons.29 This effect could be mitigated by the additional Al2O3 layer currently being 
pursued to reduce corrosion or by using a pore with a larger diameter.30 The latter is less 
desirable considering the concomitant decrease in signal-to-noise for resistive pulse sensing.  
   Future experiments will focus on synchronizing single-molecule FRET measurements with 
electronic detection using pKID. A 0.1M KCl electrolyte will be used initially, as the ionic strength 
is close to physiological conditions (100 ? 150 mM31) and no reports of halide quenching for 
ATTO fluorophores was found in the literature.  Long translocation durations have been reported 
???? ?????? ???? ???????? ????????????? ????? ???? ????????? ???????? ???????? ????? ???? ????? ??? ?? ????-
defined structure.28 Thus???????????????????????????????????????via resistive pulse sensing may be 
possible. For instance, Japrung and co-workers reported translocation times up to several 
milliseconds for a similar sized IDP: activator of thyroid hormone and retinoid receptors (ACTR, 
MW: 8.1 kDa, pI 4.2). These experiments were conducted at 300 mV bias using 16 -20 nm 
diameter SiNx nanopores (length: ~70 nm) immersed in a 1M KCl electrolyte.28 In addition to 
pKID, the KIX domain of the CBP is also available. Synchronized detection of the pKID-KIX 
complex (MW ~12.9 kDa) will therefore also be conducted.32 
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6.4 Conclusion 
   Synchronized optical and electronic detection of biomolecules has an array of potential 
applications. These include studying the translocation mechanism; identification of different 
regions of a molecule; improved discrimination of species in heterogeneous solutions and 
enhanced analysis of molecular conformations and interactions (via FRET).2?4  
   Synchronized detection was demonstrated using a confocal microscope and unique low-noise 
pyrex based platform as a hybrid nanopore-zero mode waveguide. Recent work has indicated 
synchronized detection without an Al membrane would also be possible.  Assad and co-workers 
demonstrated a dramatic reduction of silicon nitride photoluminescence via e-beam irradiation, 
which enabled single fluorophore detection.11 Application of this technique to a pyrex based 
platform would provide lower noise electrical measurements at higher laser power and bandwidth 
than currently demonstrated. Nevertheless, use of a hybrid nanopore-zero mode waveguide has 
a number of advantages. Firstly, the ability to precisely localise a molecule in a small optical 
detection volume provides high fluorescence signal-to-noise ratios. Secondly, the optical 
detection volume is confined to the nanopore and therefore single-molecule detection at higher 
analyte concentrations is possible. Finally, modifications to the metallic layer could provide 
further functionality. For example incorporation of periodic concentric corrugations around a 
nanoaperture can result in an increase in the intensity of fluorescence and Crick et al have 
shown that similar photonic structure can enable temperature control via plasmonic 
heating.18,19,33 One can therefore envisage experiments where the stability of a biological 
complex or a molecule?s conformation is probed by modulating the temperature and measuring 
structural dynamics using synchronized electronic and optical detection.  
   Ultimately, the use of these low-noise platforms, with or without an Al membrane, for 
synchronized detection increases the sensitivity of resistive-pulse sensing and therefore the 
range of molecules that can be studied and potential applications of the sensor.    
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Appendix I: NMR Spectra  
1H-NMR for 3-(2-bromoisobutyramido)propyl(trimethoxy)silane 
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13C-NMR for 3-(2-bromoisobutyramido)propyl(trimethoxy)silane 
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Appendix II: Mass Spectra  
Chemical Ionization Mass Spectra for 3-(2-bromoisobutyramido)propyl(trimethoxy)silane 
  
 
